Removal of Toxic Metals from Aqueous Solution by Adsorption by Uddin, Mohammad Kashif
REMOVAL OF TOXIC METALS FROM 
AQUEOUS SOLUTION BY ADSORPTION 
ABSTRACT 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of $l^tlositip|)p 
IN 
APPLIED CHEMISTRY 
BY 
MOHAMMAD KASHIF UDDIN 
Under the Supervision of 
DR. RIFAQAT AL I KHAN RAO 
DEPARTMENT OF APPLIED CHEMISTRY 
FACULTY OF ENGINEERING AND TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2012 
xi^ 
^S2^ 
# 
fft<^ ;^ p '^TTt jotef 
Abstract 
This thesis is divided into 6 chapters. Chapter-4'is the general" introduction which 
describes the environmental pollution, its classiiication mainly water poUmion, water 
and its distribution, heavy metals its effect, treatment of wastewater technologies and 
literature survey fix)m 1998-2011. The sources of water pollution hamfed as point 
sources and non point sources. Point source happens when harmfiil substances like 
industrial effluents come directly into water bodies while Non point source occurs 
when the pollutants enter indirectly into water bodies through transport or 
environmental changes. 
Water is essential for health and it is becoming polluted by various pollutants such as 
organic, inorganic, biological and radioactive pollutants. Water pollution due to heavy 
metals has been a major concern since long time. Heavy metals are non biodegradable 
and are toxic. Some important heavy metals along with their sources and hazardous 
effects are summarised. 
The importance of various quality parameters like pH, colour, odour, temperature, 
conductivity, turbidity. Total dissolved solids (TDS), Dissolved oxygen (DO), 
Biochemical oxygen demand (BOD), Chemical oxygen demand (COD) have been 
explained. 
The methods involved in wastewater treatment have been described. These are 
primary treatment, secondary treatment and tertiary treatment. Primary and secondary 
treatments are used to remove suspended matter, dissolved and colloidal organic 
matter present in wastewater. Tertiary treatment is the final treatment which is for 
polishing the effluent from secondary treatment. The methods available for tertiary 
treatment are evaporation, ion exchange, reverse osmosis, chemical precipitation, 
coagulation, electrolytic process. These conventional technologies though useful but 
sometimes create problems like separation of sludge and disposal of secondary waste 
generated. 
Adsorption is a mass transfer process in which a substance is transferred from the 
liquid phase to the surface of the solid. Adsorption is cost effective and efficient 
method for the removal of heavy metals from wastewater. Adsorbent characteristics, 
size and shape of adsorbent particles, solubility, and pH of the solution, temperature 
and concentration of the solution and agitation time are some of the factors that 
influence adsorption. 
Activated carbon has extensively been used for the removal of hazardous components 
from drinking water or wastewater. Activated carbon is a carbonaceous material with 
well developed porous structure which makes it a usefiil adsorbent. It can be produced 
from a wide variety of raw materials. It exists in two forms: powdered activated 
carbon (PAC) and granular activated carbon (GAC). However, the use of activated 
carbon is often limited because of its regeneration cost; therefore research has been 
redirected to explore the adsorption behaviour of some low cost or waste materials. 
The adsorption properties of such materials have been explored by various researchers 
and a large number of papers have been published and are still publishing describing 
their feasibility for tbe removal of heavy metal ions from aqueous solution and 
industrial wastewater. The adsorption capacity of these materials is generally not very 
high but this factor can be compensated with their low cost and ease of availability. 
These materials are generally referred as non conventional adsorbents and include 
inorganic, organic and bio sorbents. 
In order to characterise a new substance as an adsorbent and to explore its 
adsorption properties, performance and utility the following studies are generally 
conducted: 
1. Physical Property of the adsorbent like surface morphology. 
2. Effect of pH of the solution. 
3. Effect of temperature. 
4. Thermodynamic of adsorption. 
5. Effect of time and concentration. 
6. Kinetics of adsorption. 
7. Breakthrough capacity of adsorbent. 
8. Removal and possible recovery of adsorbed solute. 
9. Regeneration studies. i^A 
10. Preconcentration method. ^^3^ 
11 
The uptake of metal ions in preference to others by an adsorbent is called selectivity. 
Thermodynamic studies give an idea about the spontaneity of the process. The 
temperature range chosen for these studies are 30*^  to 50V since temperature in the 
environment generally varies in the range. The industrial application of the adsorbent 
can be predicted by various kinetic models. Breakthrough capacity gives an idea as to 
how much metal ions can be removed completely from the given amount of solution. 
Recovery and regeneration studies help to decide the economical feasibility of the 
adsorbent. The use of Preconcentration step prior to metal analysis is usually required 
due to low level of metal ions in the aquatic samples. The subsequent chapters 
describe the adsorption studies on various new adsorbents like Seeds of Coriander 
(Coriandrum sativum); Fruit peel of Leechi (Litchi chinesis). Seed capsules of 
Bottlebrush plant (Callistemon chisholmii). Glaze and Ball clay. 
Chapter-2 describes the adsorption properties, extraction and preconcentration of 
Coriander seed powder (Coriandrum sativum). Coriander seeds powder showed 
remarkable adsorption potential towards Pb(n), Cu(n) and Zn(II) ions from aqueous 
solution. Adsorption followed the order Pb(n)>Cu(II)>Zn(II). Effect of pH, initial 
concentration, adsorbent dose and contact time was investigated. Adsorption data 
agreed well with Langmuir, Freundlich, Temkin and Dubinin- Redushkeuich (D-R) 
isotherms at different temperatures. The kinetic data followed pseudo second order 
kinetic model. Thermodynamic parameters showed that adsorption of Pb(II) was 
endothermic and spontaneous. The competitive adsorption between Pb(II)-Cu(II) and 
Pb(II)-Zn(II) system was also studied. The breakthrough capacities of Pb(II), Cu(II) 
and Zn(II) in single metal system were higher than multi-metal system. The analytical 
application was demonstrated by removing Pb(II) from lead-acid battery 
manufacturing wastewater. Excellent results were obtained when desorption of these 
metal ions from very dilute solution was studied by column process therefore it was 
fiirther utilized for the extraction and Preconcentration of Pb(n), Cu(II) and Zn(II) 
from very dilute synthetic mixture of these metal ions prepared in double distilled 
water as well in tap water for their subsequent determination by atomic absorption 
spectrometry. 
in 
Chapter- 3 deals with the Removal of Cr(VI) from electroplating wastewater using 
Fruit Peel of Leechi {Litchi chinensis). Fruit peel of Litchi chinensis showed 
remarkable adsorption capacity towards Cr(VI) ions. The effect of temperature, pH, 
initial Cr(VI) concentration and time was investigated. Fourier transform infrared 
spectroscopy (FTIR) was used to explore number and position of active functional 
groups available for the binding of Cr(VI) ions. Thermodynamic parameters like 
change in standard free energy (AG*^ ), enthalpy (AH°) and entropy (AS°) indicated the 
spontaneous, endothermic and increased randomness nature of Cr(VI) adsorption. 
Equilibrium data were well fitted in Langmuir isotherm at 40^C.The value of mean 
free energy indicated that adsorption process was chemical in nature. The 
breakthrough and exhaustive capacities were found to be 30 and 50 mg g"' 
respectively. The results indicated that the adsorbent could be utilized effectively for 
the removal of Cr(VI) from electroplating wastewater. 
Ch^ter-4 describes the adsorptive removal of Cd(II) from aqueous solution using 
seeds of Bottle Brush Plant (Callistemon chisholmii). Seeds of bottlebrush were found 
to exhibit excellent adsorption capacity over a wide range of Cd(II) concentrations. 
Fourier transform infrrared spectroscopy (FTIR) was used to investigate surface active 
frinctional gFoiq)s. Various parameters like effect of pH, contact time, concentration, 
various electrolytes and adsorbent doses were investigated. The adsorbent data were 
well fitted in Langmuir, Freundlich, Temkin and Dubinin-Redushkeuich (D-R) 
isotherm equations at SO '^C. Kinetic study was carried out by varying initial 
concentration of Cd(II) at constant temperature and it was found that pseudo-second 
order rate equation was better obeyed than pseudo- first order equation. 
Removal of Cu(II) from aqueous solution by glaze has been described in Chapter- 5. 
Pottery glaze was investigated as an excellent adsorbent for the removal of Cu(II) ions 
from aqueous solution. Effect of concentration, contact time, pH, and effect of 
electrolyte concentration, adsorbent doses and temperature were studied by using 
batch process to optimize conditions for maximimi adsorption. Equilibrium isotherm 
data were analyzed using Langmuir, Freundlich and Temkin isotherms at 30*^ , 40" and 
50 C. Thermodynamic parameters such as standard enthalpy change (AH^), free 
IV 
energy change (AG°) and entropy change (AS^ were also evaluated. These parameters 
indicated endothermic and spontaneous nature of the adsorbent. The mean energy 
calculated from Dubinin-Radushkeuich (D-R) isotherms showed that adsorption was 
chemical in nature. The kinetic data were evaluated using the pseudo first order and 
pseudo second order kinetic equations and it was found that data were best fitted in 
pseudo second order model over a wide range of initial Cu(II) concentration 
supporting that chemisorption process was involved. The adsorption and desorption 
studies carried out by batch process suggested 100 % desorption of Cu(II) ions with 
O.lNHCl solution 
Chapter- 6 explains the adsorption studies of Cd(II) on Ball Clay. Ball clay was found 
to exhibit excellent adsorption capacity towards Cd(II) ions over a wide concentration 
range. The adsorption capacity was studied by heating it at different temperatures. It 
was found that the sample heated at 200^C showed maximum adsorption capacity 
towards Cd(II) ions. This research was focused on the effect of pH, time, temperature, 
adsorbent doses and initial Cd(n) concentration by batch experiments. The 
equilibrium data of Cd(II) adsorption was explained well by Langmuir and Freundlich 
adsorption isotherms. The kinetics data for the adsorption process obeyed Pseudo first 
order and Pseudo second order models at lower initial concentrations of Cd(II) while 
with the increased concentration of Cd(II) Pseudo-fiist-order model failed. The Cd(II) 
desorption was performed using batch process with various desorbing solutions and 
100 % desorption was achieved with HCl solution. 
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Chapter- 1 
Introduction 
Pollution is a noun, derived from the word 'pollute' meaning to foul. It is originally 
derived from the Latin word 'poUutio' which means to contaminate or to make dirty. 
Environmental pollution may be defined as the introduction of different types of 
harmful pollutants into an environment that makes this environment unhealthy to live 
in and causes harm to human health and other living organisms. It may also be 
defined as the change in the environment due to harmful contaminants which may 
cause instability, damage or harmful effects to the ecosystem. Pollution is causing 
striking changes on the surface of the earth and is causing great damage to the health 
of this environment. To keep the environment safe and healthy, pollution level need to 
be controlled. Nevertheless, pollution is becoming so close to put life on the doorstep 
of death. Preventing introduction of pollutants into the environment is the best way to 
protect. Even though lots of method have been planned but are not able to eliminate 
the factors that caused pollution. To do so it is important to develop effective waste 
management in the form of recycling and discover ftindamental reason. 
Environmental pollution can be classified as air pollution, water pollution, soil 
pollution and thermal pollution. 
Air pollution is a mixture of chemicals, solid particles and gases in the air which 
causes harm to humans or other living organisms. The main sources of air pollution 
are environmental gases like carbon dioxide which is produced by all animals, plants, 
fungi and microorganisms during respiration. Carbon dioxide contents in fresh air 
vary between 360 mg/L to 390 mg/L [Wikipedia-Carbon tracker, 2010]. Carbon 
dioxide is a green house gas that is warming earth. Nitrogen dioxide is highly reactive 
and toxic. Gas stoves and heaters are the sources of nitrogen dioxide. It has a role in 
reducing stratospheric ozone. Sulphur dioxide is emitted by volcanoes and in various 
industrial processes. Sulphur dioxide is a major air pollutant and has various effects 
upon human health. 67 % of the global SO2 pollution is because of volcanic activity. 
The remaining 33 % is due to human activities such as transportation, combustion of 
fuels and metallurgical operations. SO2 along with NO2 are the main cause of acid rain 
that damages ecosystem. Carbon monoxide in the atmosphere is due to human 
activities such as motor vehicles, cigarette smoke, industrial operations and forest 
fires. 74 % of the entire global CO pollution is due to automobile exhaust. The 
atmospheric air contains 0.1 to 0.12 mg/L of carbon monoxide. Exposure to 100 mg/L 
concentration results in dizziness and greater than this is dangerous to human health 
[Prockop and Chichkova, 2007]. Hydrocarbons in the atmosphere come from natural 
biological activities and anthropogenic sources as automobile exhaust, burning of coal 
and wood produce high levels of hydrocarbons in the atmosphere. Hydrocarbons are 
harmful to human beings and have a role in the formation of 'photochemical smog' 
which may cause eye irritation, damage of trees and crops. Hydrogen sulphide (H2S), 
chlorine (CI2), ammonia (NH3), hydrochloric acid (HCl), radioactive gases, dusts and 
heavy metal ions (Cd, Be, Cr, Pb, Zn, Mn, Ni, Hg etc.) also contribute to air pollution. 
Soil pollution is the presence of chemicals to the natural soils. This type of 
contamination arises from the application of pesticides, herbicides, direct discharge of 
industrial wastes to the soil. If toxic chemicals reach the ground water, soil pollution 
can lead to water pollution. The most serious soil pollutants are chlorinated 
hydrocarbons (CFH), heavy metals, methyl tertiary-butyl ether (MTBE), zinc, arsenic 
and benzene. These compounds have the potential to produce adverse effects in 
humans and other organisms. 
Thermal pollution is a harmfiil increase in the water temperature of rivers, lakes and 
ocean waters. Temperature change of even one to two degree Celsius can cause 
significant changes in organism's metabolism. Thermal pollution may also increase 
the enzyme activity of aquatic animals [Goel, 2006]. The major sources of thermal 
pollution are electric power plants. 
Water pollution is the contamination of water bodies such as lakes, rivers, oceans 
and ground water which can be harmful to human health, marine and other aquatic 
animals and plants. There are two sources of water pollution. (1) If the harmful 
substances come directly into a water body such as oil spill, it is called point source 
pollution. If the pollutants enter indirectly like fertilizers, toxic chemicals, dirt etc., 
called non point source pollution (Figure 1.1) [University of Georgia, 2009]. 
s^WLii-*^ 
Figure 1.1 Point and nonpoint sources of water pollutants 
Water is magical substance and an elixir of life. It plays a crucial role in the climate 
system through the hydrological cycle. Water is a universal solvent and also acts as 
medium which takes part in most of the chemical reactions in the environment. Water 
is essential for health as it is necessary for the digestion and absorption of food and 
supplies oxygen and nutrients to the cells. All living things need water to survive. It 
makes up over one half (55-78%) of the human body [Utz, 2000]. Water is 
continually moving around, through and above the Earth in the forms of water vapour, 
liquid water and ice. It covers about three quarters of the Earth's surface. Over 97 % 
of all water on Earth is found in the oceans, remaining 2.6 % in glaciers and ice caps. 
Thus 0.3 % of all the fresh water on Earth is available in rivers and lakes that include 
drinking water, bathing, cooking, lawn and garden watering. Table 1.1 and Figure 1.2 
[http://ces.iisc.emet.in] show how water is distributed on the earth's surface. 
Table 1.1. Distribution of water at the earth's surface 
Reservoir 
Oceans 
Ice Caps/Glaciers 
Deep Groundwater 
Shallow Groundwater 
Lakes 
Soil Moisture 
Atmosphere 
Rivers 
Biosphere 
Total % 
97.25 
2.05 
0.38 
0.30 
0.01 
0.005 
0.001 
0.0001 
0.00004 
Salt Water 
98% N. 
World Water 
Groundwater Rjuers and 
12% Lakes 1% 
Figure 1.2 Water distributions 
It is estimated that 8 % of worldwide water is used for house hold purpose 
[Wikipedia- Water resources, 2009]. In urban areas, domestic demands are satisfied 
through the municipal water supply system. In many countries ground water is used to 
satisfy the domestic demand because it is better protected from pollution than surface 
waters. Industrial water use includes water for mining, factory use, cooling water for 
industrial production and thermal power generation. It is estimated that 22 % of world 
wide water is used in industries [Wikipedia- Water resources, 2009] while 69 % is 
used for irrigation purpose [Wikipedia- Water resources, 2009]. It can be concluded 
that world's 0.3 % water is available for direct use in domestic, industrial and 
agricultural use. If this water get polluted the problems will be more severe. Figure 
1.3 [Water- The India story, 2009] shows percentage of domestic consumption of 
water in India. 
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Figure 1.3 Domestic water consumption in India 
In broader sense water pollutants can be classified as 
1. Organic pollutants- These pollutants can be divided into two types named 
biodegradable and non biodegradable. When biodegradable organic pollutants such 
as domestic and animal sewage, slaughter houses, food processing wastes etc. are 
added to water they are decomposed by bacterial activities at the expense of dissolved 
oxygen, hence dissolved O2 is lowered. Any decrease in the optimum value of 
dissolved oxygen (4-6 mg/L) is harmful to aquatic organisms while non-
biodegradable pollutants will not break down and cannot be decomposed by 
bacteria. For this reason they are more harmful than biodegradable substances. 
Pesticides, detergents, paints, plasticizers, synthetic cloth, pharmaceuticals, glass, 
metals and other industrial chemicals are the examples of some non biodegradable 
pollutants. 
2. Inorganic pollutants- are naturally found in the envirormient. Examples of 
inorganic pollutants are sediments and heavy metals. Sediments are the matter that 
settles to the bottom of a liquid. They are arrived by agricultural development, soil 
erosion and construction activities. Soil erosion by water and wind is very significant 
in India. This erosion leads to qualitative and quantitative degradation of soil which 
cause problems. Contaminated sediments can threaten worms, insects, reduce the food 
available to fish and spoil the normal aquatic life. 
3. Radioactive pollutants- Use of radioactive materials in research, medicine 
generate radioactive waste. Everything on Earth is exposed to radiation. Exposure at 
high levels of radiation can cause cancers, birth defects and even death. Examples of 
such pollutants are Sr^°, Cs'^^ Co*°, Ir'^^ Fe^^ K''^ Rb*^ etc. 
4. Biological pollutants- are microorganisms (bacteria, viruses, protozoa and 
helmenths) that are harmful to humans and water quality. It is estimated that gastro-
intestinal disorders, cholera and typhoid can be caused by biological pollutants. 
Coliform and E. coli bacteria are the most common pathogen pollutants which are 
commonly found in water. Sources of such pollutants include homes, hospitals, food 
manufacturing industries and animal laboratories. 
5. Heavy metals- The term 'heavy' refers to density while 'metal' means the pure 
element. Bjerrum define 'heavy metals' as those metals having elemental density 
above 7 g/cm^. However, over the years the definition of heavy metals has been 
modified by various authors. Definition in term of density (specific gravity) is that 
heavy metals are those metals having density greater than 4 [Nostrand, 1964]. In term 
of atomic weight heavy metals are the metals with a high atomic weight [Holister and 
Porteous, 1976] or those metals which have atomic weight greater than sodium 
[Bennet, 1986] and form soaps on reaction with fatty acids [Lewis, 1993] while heavy 
metals in term of atomic numbers are those metals having atomic number greater than 
20 [Hale and Margham, 1988]. In term of chemical properties heavy metals are any of 
the metal that react with dithiozone (CeHsN) e.g. zinc, copper, lead etc. [Bates and 
Jackson, 1987]. 
Heavy metals are a group of 40 electropositive elements and are natural components 
of earth's crust. Heavy metals are present in all parts of the environment because they 
can not be degraded and may enter the human body through food, water, air and 
absorption through the skin. Some heavy metals such as iron, zinc and cobalt are 
needed by the body in trace amounts but are toxic at higher level. Other heavy metals 
such as mercury, lead, arsenic and aluminium have no purpose in our bodies. Heavy 
metals are toxic because they poison chemical process in the body. In general, heavy 
metals produce their toxicity by forming complexes or ligands with proteins, in which 
carboxylic acid (-COOH), amine (-NH2) and thiol (-SH) groups are involved. These 
modified biological molecules lose their ability to function properly and result in 
malfunction or death of the cells. The most common group involved in ligand 
formation are oxygen, sulphur and nitrogen. When metals bind to these groups, they 
inactivate important enzyme systems or affect protein structure. Some important toxic 
heavy metals are as foUows-
Cadmium: Cadmium is used in rechargeable nickel-cadmium batteries. It possesses 
good fatigue resistance [Scoullos et al., 2001]. Traces of cadmium do naturally occur 
in phosphate from and transmitted to food through the use of fertilizers which 
contains cadmium in the form of cadmium phosphate [Jiao et al., 2004]. It was until 
after World War (I) that cadmium came into wide use, rich deposits of cadmium can 
be found in the Vilyui river basin in Siberia [Fleischer and Michael, 1980 ]. Cadmium 
is a very toxic metal and can induce many types of cancers [11* report on 
carcinogens]. The WHO allowable concentration limit for Cd (II) into drinking water 
is 0.005 mg/L [Mohan and Singh, 2002]. Cadmium enters into environment from 
industrial processes such as electroplating, smelting, plastic, pigments, fertilizers, 
pesticides, mining, dyes and textile operation [Grayson and Othumer, 1978]. U.S. 
patent of Schlage Lock Company (1975) used barium acetate to remove cadmium 
from water. Cadmium can also be removed by using three precipitation process 
[Islamoglu et al., 2006] which include (a) acid treatment with HNO3 (b) alkali 
precipitation by NaOH (c) sulphide precipitation by Na2S. Cadmium can also be 
precipitated by addition of lime and magnesium [Lin et al., 2005]. Gould et al, 1986 
reported that cadmium can be removed by cementation with magnesium while 
Younesi et al., 2006, Ku et al., 2002 used zinc powder for cadmium removal by 
cementation. Various types of membranes have also been used to remove cadmiimi 
from aqueous solution such as liquid membrane [Urtiaga et al., 2000], hollow fiber 
supported liquid membrane [Breembroek et al., 1998], emulsion liquid membrane 
[Mortaheb et al., 2009] and supported liquid membrane [Swain et al., 2006]. Many 
researchers studied cadmium removal by ion-exchange technique using different 
resins like Amberlite IR 120 [Kocaoba, 2007], dolomite [Kocaoba, 2007], Dowex 50 
W [Pehlivan and Altun, 2006]. Liquid-liquid extraction by using specific extractmits 
has also been reported for separation of cadmium [Nogueira and Delmas, 1999]. The 
removal of cadmium from thiocyanate solutions with bis-2-ethylhexyl sulphoxide 
(EHSO) in benzene has been demonstrated by Reddy et al., 1996. 
Copper: Copper is one of the most important metals which helped in bringing the 
industrial revolution. Copper is a good conductor of electricity and being very flexible 
it is used to make cables for electricity equipments. Copper is highly toxic and 
damages proteins, lipids and DNA of the blood. The WHO allowable concentration 
limit for Cu (II) into drinking water is 2 mg/L [Potera, 2004]. Lazaridis et al., 2004 
has reported ion flotation, precipitate flotation and sorption flotation methods for the 
removal of Cu (II) from water usmg xanthate anions, sodium hydroxide and natural 
zeolites. Copper can be precipitated in the form of insoluble cupric hydroxide by 
adjusting the pH of the water at 9 [Armenante, 1999]. It can also be precipitated as 
insoluble copper metal by using reducing agents like ferrous sulphate, sulphide and 
carbon [http://www.rwaterguy.com]. Ion exchange method. Reverse osmosis system 
(R.O.) and Deionization system (D.I.) are very effective in removing copper fi-om 
wastewater. Copper can be chemically precipitated by using metal precipitant JC 9830 
[Jenfitch, 2010]. 
Lead: Lead improves the appearance and cutting properties of crystal glass. The 
major application of leaded glass is in television screens and computer monitors. It 
also has many industrial applications. Pb (II) is highly toxic even at low 
concentrations and can produce adverse health effects for both adults and children. Pb 
(II) exposure can damage liver, kidney, and fall into coma and may cause even death. 
The permissible limit of Pb (II) in drinking water according to EPA [Mack et al., 
2007] is 0.015 mg/L. The techniques available for the removal of Lead from 
wastewater are precipitation, ion-exchange, membrane separation, evaporation and 
emulsion per traction technology. Leiden University Medical centre has developed a 
method for Lead removal without the use of extraction sheaths [De Bie et al, 2011]. 
The Jordanian chabazite- phillipsite tuff and faujasite- phillipsite tuff have been used 
as ion exchange materials [Ibrahim and Akashah, 2004]. Emulsion liquid membrane 
(ELM) technique consisted of kerosene, surfactant Span 80, di-2-efhylhexyl 
phosphoric acid (D2EHPA) and sulphuric acid (H2SO4) was used to remove lead from 
battery industry wastewater [Levent et al., 2005]. 
Zinc: Zinc is an essential part of our diet. Zinc is required in ceil development, 
provides support in cell development, joints and tissues. It is essential to plants, 
humans and animals. It is naturally found in meat and dietary food stuffs. Although 
zinc is relatively non-toxic but in excess zinc can be harmfiil and cause zinc toxicity. 
High concentration of zinc is present in wastewater of pharmaceuticals, paints, 
pigments, insecticides, cosmetics etc. Zinc is commonly present at elevated 
concentrations in contaminated water [Babel and Kumiawan, 2003]. It has a high 
tendency to dissociate from insoluble organic and inorganic complexes to form 
soluble ionic species that remain stable in neufral or slightly alkaline water 
[Corapcioglu and Huang, 1987]. Zinc can be removed from electroplating wastewater 
by electro-coagulation process using aluminium elecfrodes [Dermentzis et al., 2011]. 
Saari et al., 1998 used Sodium xylenesulfonate (SXS) combined with Polyaluminum 
chloride (PAC) as new technology in zinc removal through hydroxide precipitation. 
Complexation-Membrane filtration is a conventional process to remove zinc from 
industrial wastewater [Borbelya and Nagy, 2009].The permissible limit of Zn (II) in 
drinking water according to EPA [Mack et al, 2007] is 1.3 mg/L. 
Chromium: Chromium (III) is a natural element found in rocks, soil and gases. It is 
used to make metals, metal alloys and chemical compoimds. In larger amount 
different forms of chromium are toxic and can penetrate through biological cell 
membranes. Chromium (VI) is a mutagenic and carcinogenic. It may also cause 
vomiting, diarrhoea, pain and haemorrhage [Dakiky et al., 2002]. Chromium (VI) is 
produced industrially by heating chromium (III) in the presence of mineral bases and 
atmospheric oxygen [Ramos et al., 1994, Richad and Bourg, 1991]. The WHO 
allowable concentration limit for Cr (VI) into drinking water is 0.05 mg/L [WHO]. 
Chromium can be successfully removed by using membrane filtration techniques. 
Dzyazko, 2007 used Inorganic ceramic membranes such as hydrated zirconium 
dioxide (HZD) for Cr (VI) removal from dilute solutions. Cr(VI) can also be removed 
from aqueous dilute solutions using polymer enhanced ultra filtration (PEUF) process. 
Nanofiltration composite polyamide membranes [Muthukrishnan and Guha, 2008] 
and nonmatted polyacylonitrile fiber (PAN) membranes and aromatic polyamide thin 
film membranes were also used to remove Cr (VI) [Bohdziewicz, 2000]. Ion-
exchange technique is a physicochemical method to remove Chromium from 
wastewater. Sapari et al., 1996 used Synthetic Dowex 2-X4 ion exchange resin to 
remove Cr(VI) from plating wastewater. Other synthetic ion exchange resin, 
Ambersep 132 was also explored to remove chromic acid in a four step ion-exchange 
process [Lin and Kiang, 2003]. Kabay et al., 2003 revealed that Aliquat 336 can be 
effectively used for the removal of Cr (VI) from aqueous solution. Membrane 
electrolysis technique is also one of the technique used for Cr(VI) removal. Rana et 
al., 2004 reported that electrochemical removal of Cr (VI) from industrial wastewater 
is also possible using carbon aerogel electrodes. Kongsricharoem and Polprasert, 
1995 used electrochemical precipitation (ECP) process for Cr (VI) removal from an 
electroplating wastewater. 
Large quantity of heavy metals is generally released in the effluent due to various 
industrial activities. The type and distribution of heavy metals associated with 
particular industrial effluents are summarised in Table 1.2 while their sources and 
hazardous effects are listed in Table 1.3. 
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Table 1.2. Distribution of heavy metals in particular industrial effluents 
Industries 
General Industry and Mining 
Plating 
Paint Products 
Fertilizers 
Insecticides / Pesticides 
Tanning 
Paper Products 
Photographic 
Fibers 
Printing / Dyeing 
Electronics 
Cooling Water 
Pipe Corrosion 
AR 
• 
• 
As 
• 
• 
Cd 
• 
Cr 
• 
• 
• 
• 
• 
• 
• 
• 
Cu 
• 
Fe 
• 
Hg Mn Ni 
• 
• 
• 
• 
• 
Pb 
• 
• 
• 
• 
• 
• 
Se 
• 
Ti 
• 
• 
Zn 
• 
• 
• 
• 
• 
Table 1.3. Some important heavy metals with their toxic effects and sources 
Heavy metals 
Arsenic 
Cadmium 
Chromium 
Copper 
Lead 
Mercury 
Manganese 
Nickel 
Zinc 
Effects 
Acute 
Nausea, 
Vomiting 
Pneumonitis 
Renal failure. 
Haemolysis 
Haemorrhage, 
Gastrointestinal 
irritation 
Nausea, 
Vomiting, 
Headache 
Fever, 
Diarrhoea, 
Vomiting 
Manganese 
Psychosis 
Dermatitis 
Abdominal pain. 
Vomiting 
Chronic 
Diabetes 
Lung cancer 
Lung cancer 
Wilson disease 
Abdominal pain, 
Anaemia, 
Nephropathy 
Nausea, 
Hypersensitivity 
Parkinson like 
syndrome 
Intestinal cancer 
Anaemia 
Sources 
Coal combustion. Insect sprays 
Burning of arsenate treated building 
materials 
Cigarette smoke. Batteries, Ceramics, 
Electroplating 
Metal plating, Paint industry 
Electroplating industries, Petroleun 
refineries. Pulp and paper mills 
Lead pipes. Battery manufacture 
Cigarette smoke 
Air conditioner filters, Broker 
thermometer. Burning newspaper 
Wood preservatives 
Coal mining. Dry battery cells 
Industrial waste. Tobacco smoke, Tea 
Pig and Poultry manures 
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Treatment of industrial wastewater 
1. Characterization of wastewater 
Different quality parameters such as colour, odour, pH, temperature, taste, 
conductivity, transparency, turbidity, TDS (total dissolved solid), DO (dissolved 
oxygen), BOD (biochemical oxygen demand) and COD (chemical oxygen demand) 
are important to be assured before discharging water to commercial and domestic 
water supplies. 
Colour in natural waters is due to the presence of fulvic ions, metal ions, suspended 
mater, humic substances and industrial effluents. The drinking water should be 
colourless, odourless and tasteless. 
pH is defined as a measure of hydrogen ions concentration in water or solution. The 
pH of natural water is nearly about 7 (neutral). According to pH scale, the water is 
acidic if pH is below 7 and alkaline if pH is above 7. The alkalinity of water is due to 
the presence of carbonates, silicates, bicarbonates and sometimes due to the presence 
of weak organic acids. 
Temperature of water can have a tremendous influence on aquatic environment. All 
the physical, chemical and biological properties are governed by it. As a result, water 
temperature regulates every aspect of life of aquatic organisms their growth, appetite 
and food requirement, their respiration and many other process including the 
availability of dissolved oxygen. 
Transparency is a measure of how clear the water is. It is inversely proportional to 
the turbidity. It is important because clearer the water, the deeper sunlight will 
penetrate which is required for photosynthesis. 
Conductivity is the measure of the ability or power of water to conduct electricity. 
Conductivity measures the concentration of dissolved ions. 
Total dissolved solid (TDS) is the sum of the positively charged (cations) and 
negatively charged (anions) ions in the water. It is the residue left after evaporation of 
water at lOS^C to lOSV. Water with lower TDS may be corrosive and may leak toxic 
metals [http://www.water-research.net]. 
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Dissolved oxygen is the amount of gaseous oxygen (O2) dissolved in an aqueous 
solution. When DO level in water drops below 5.0 mg/L, aquatic life is put under 
stress and environment shifts towards anaerobic condition. 
Biochemical oxygen demand (BOD) is a standard method for indirect measurement 
of organic pollution. The BOD of pure water is 0-3 mg/L. If BOD is 5 mg/L or more, 
the water is said to be contaminated with organic pollutants. 
Chemical oxygen demand (COD) Biologically resistant organic compounds can not 
be decomposed by bacteria. Therefore their contents can not be determined in terms 
of depletion of dissolved oxygen. They are oxidized by strong oxidizing agent like 
potassium dichromate and oxidant consumed is measured in terms of chemical 
oxygen demand. 
2. Wastewater treatment technologies 
a) Primary treatment, wastewater is collected in basin while oil, grease float to the 
surface and solid settles to the bottom. Coagulation, equalization, neutralization and 
sedimentation techniques come in this treatment. Water is then subjected to secondary 
treatment. 
b) Secondary treatment, these processes may be aerobic or anaerobic. In aerobic 
condition, the organic matter provides a nutrient for microorganisms and is converted 
into biomass, CO2 and water. In aerobic process, coagulation of organic matter, 
oxidation to CO2 and degradation of nitrogenous organic matter to ammonia occurs 
which is then converted finally into nitrate. Thus, secondary treatment reduces BOD 
content. Activated sludge process and bio-film process are the examples of aerobic 
process. This treatment of wastewater is well suited for industries which discharge 
highly concentrated wastewater. In anaerobic treatment process methane and carbon 
dioxide are the major products along with a liquid effluent that contains all the water 
and mineral from the upcoming material. It is used to produce heat and electricity and 
also reduce the overall cost of sewage treatment. The efficiency of anaerobic 
treatment process depends upon pH, temperature, absence of oxygen and toxic 
materials. 
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c) Tertiary treatment is the next wastewater treatment process after secondary 
treatment which is used for polishing and to improve the quality of effluent. 
Wastewater becomes even clearer in this treatment. The techniques generally used in 
tertiary treatment are described below. 
Coagulation process is used to separate very minute suspended solids (colloidal 
particles) from water. Aluminium sulphate is the most common coagulating agent for 
removing clay particles. 
Chemical precipitation method can be used to remove metals, fats, oil and greases, 
contaminants, suspended solids, organics and inorganics. 
Ion-exchange is an adsorption process that removes ionic impurities. It is also a 
concentration process. Commonly used ion exchangers are synthetic resins and 
natural zeolites. 
Reverse osmosis is water treatment process in which water is forced to pass through a 
semi-permeable membrane of very small pores. Reverse osmosis is used to clean and 
purify water. 
Electrolytic process- an electric current is transmitted between electrodes through the 
electrolytic channel (water). Chemical reactions take place on the electrode's surface. 
The anode produces acidic environment and the cathode the basic environment. As a 
result of the chemical reactions different oxidants purify water. 
These conventional technologies are usefiil but sometimes create problems like 
separation of sludge and disposal of secondary waste generated. 
Adsorption- It is one of the most efficient methods for the removal of heavy metals 
and organic pollutants fi-om wastewater. It is a physical separation process used in 
wastewater treatment to remove toxic organic pollutants (both halogenated and non 
halogenated) from wastewater especially when present in very small concentrations. 
Adsorption from aqueous solutions can occur due to the low solubility and high 
affinity towards solute in the aqueous solution. Three distinct steps must take place 
for adsorption to occur: 
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1. The adsorbed molecule must be transferred from the solution to the surface of the 
adsorbent through a solvent film that surrounds the adsorbent particle. This process of 
adsorption is termed as 'film diffusion'. 
2. The adsorbate molecule must be transferred to the adsorption site on the inside of 
the pore. This process is termed as 'pore diffusion'. 
3. The particle becomes adsorbed at the surface of the solute. 
There are many factors which influence the rate of adsorption. Shape and size of the 
adsorbent particles, pH, temperature, adsorbent characteristics, concentration, and 
solubility of solute, agitation time are the name of few factors that influence the 
adsorption process. Many conventional and non conventional adsorbents have been 
used in this approach. 
Conventional adsorbents include activated carbon, activated alumina, silica gel and 
activated clay while non conventional adsorbents include inorganic, organic and 
biosorbents. Activated carbon is a highly porous carbonaceous material. It is an 
important adsorbent for the removal of hazardous components from gases and 
purification of wastewater or drinking water. It is also effective in removing chlorine 
and volatile organic compounds through adsorption process. However, the use of 
activated carbon is often limited due to high cost and difficulty in regeneration. 
Removal of heavy metals by non conventional adsorbents is advantageous compared 
with conventional adsorbents like activated carbon. Infact, their removal efficiency is 
not as high as activated carbon because of their low adsorption capacity but this can 
be compromised because of their low cost and ease of availability. Researcher have 
also tried to produce activated carbon from some bio-waste materials and explored 
their adsorption properties. A large number of articles are published and still 
publishing on the use of these non conventional adsorbents. Table 1.4 summarizes 
various adsorbents used for the removal of heavy metals during the period 1998-2011. 
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Table 1.4. Summary of various adsorbents used for the removal of heavy metals 
from water and wastewater (1998-2011) 
Metal Removed 
Cu, Pb, Zn, Cd, 
Cr(III)andNi 
Cu, Zn, Ni and Cd 
Cu 
Cd, Cr, Pb and Zn 
Cu, Pb, Zn 
Cd 
Cd 
Pb, Zn, Cd, Cu and 
Cr(III) 
Biosorption by sea 
weeds 
Cr(III), Cr(VI) Pb, Zn 
Cr(VI) 
Co, Cd, Ni, Cu and Zn 
Cu, Pb, Cd 
Pb 
Pb 
Cu, Zn 
Cr(III), Cr(VI) 
Pb(II) 
Cu 
Cr(VI) 
Cu(II) 
Cu(II) 
Cu(II) 
Adsorbent 
Fly ash 
Red mud 
Cladophora sp. 
Biomass Medicago satavia 
(alfalfa) 
Fly ash 
Acid sandy soil 
Hematite 
Blast furnace slag 
Cr(III) and Cr(VI) 
Carbon 
Formaldehyde cross linked 
Saccharomyces cerevisiae 
Peat 
Apple residues 
Crab shell particles 
Rice husk 
Rhizopus arrhizus 
Adsorption by different 
plant species 
Blast furnace slag 
Biosorption by magnetite 
immobilized cell of 
Pseudomonas putida 
Iron rich material 
Chitosan 
Living Mycelium of white-
rot fungus Phanerochaete 
crysosporium 
Sargassum algal biomass 
Remarks 
pHl-10 
Column process 
flow rate 1.12 
ml/min 
pH 5 Recovery by 
O.IM HCI by 
column process 
pH 3.6-4.3 
pH9.2 
Adsorption capacity 
6.3 mg/g, pH 2.5 
99% removal 
95-97 % adsorption 
at pH 5.9-6.0 
96 % adsorption, 95 
% recovery with 6N 
HCI 
4.7 mg/g Cu(II) 
adsorption at 6.2 
pH 
Reference 
Ricouetal., 1998 
Lopez etal., 1998 
Asku and Yener, 
1998 
Gardea-Torresday 
etal., 1998 
Gupta and Torres, 
1998 
Wilkins etal., 1998 
Singh etal., 1998 
Lopez etal., 1998 
Kratochvil et al., 
1998 
Lalvani et al., 1998 
Zhao and Duncan, 
1998 
McKay etal., 1998 
Lee etal., 1998 
Lee etal., 1998 
Khalid etal., 1998 
Sag etal., 1998 
Kleiman and 
Cogliatti, 1998 
Dimitrova and 
Mehandgiev, 1998 
Chuaetal., 1998 
Sengupta, S. 1998 
Wan Ngah and Isa., 
1998 
Sing and Yu, 1998 
Kratochvil and 
Volesky, 1998 
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Metal Removed 
Cr(VI) 
Ni 
As, Pb, Cd, Cu and 
Ni 
Pb, Cu, Cd, Zn 
Cr(VI) 
Zn 
Cu, Cr(VI) 
Zn, Cu, Ni 
Cr(VI) 
Cr(VI) 
Cr(VI) 
Cu, Zn and Pb 
Cd(II), Zn(II) 
Cr(VI) 
Cr(VI) 
Hg(II), Pb(II), 
Cd(II), Ni(II), Cu(II) 
Cd(II) 
Cu(II) 
Cr(VI) 
Cd(II), Cu(II) 
Cr(VI) 
Pb 
Cu(II) 
Ni(II) 
Adsorbent 
Activated carbon 
Fire clay 
Aspergilus niger 
Natural zeolite 
Bone charcoal 
Lime treated 
montmorillonite 
Dried Chlorella vulgaris 
Industrial biomass 
Japanese red pipes 
Quatemized rice hulls 
Hydrocalcite 
Fly ash and fly ash/line 
Natural bentonite 
Sheep hair 
Black locus leaves 
Activated carbon 
(agricultural waste) 
Pyrolusite 
Iron oxide coated sand 
Hazelnut shell 
Granular activated 
carbon 
Coniferous leaves 
Recycled iron material 
Pyrite 
Fly ash 
Remarks 
90 % adsorption at pH 
1 
95 % adsorption at pH 
2-3 
Column process 
recovery with 0.5M 
NaOH solution 
95.7 % recovery by 0.1 
MNaOH 
Maximum adsorption 
at pH 0.75-1.25 and 
3.25-3.75 
Maximum adsorption 
atpH3 
Adsorption increases 
with increase in pH 2-6 
Temp 30"C, pH 7, 
cone. 1-100 mg/1 
% removal 74.9 %, 
time-20 min, cone. 5 
mg/1 
Adsorption increases 
with increase in pH 
Adsorption increases 
with increase in pH 
Oxidation is 
accompanied by the 
reduction of Cu(II) to 
Cu(I) 
96 % removal 
Reference 
Bandyopadhyay 
andBiswan, 1998 
Baipai, S.K., 1999 
Kapooretal., 1999 
Yuanetal., 1999 
Dahbietal., 1999 
Tsai and Vesiland, 
1999 
Askuetal., 1999 
Zonboulis et al., 
1999 
Aoyamaetal., 1999 
Lowetal., 1999 
Manjuetal., 1999 
Ricouetal., 1999 
Xia and He., 2000 
Sarvanam et al., 
2000 
Aoyama et al., 2000 
Kadirvelu et al., 
2000 
Koyanaka et al., 
2000 
Kwak et al., 2000 
Cimino et al., 2000 
Gabaldon et al., 
2000 
Aoyama et al., 2000 
Smith and Amini, 
2000 
Weisener and 
Gerson, 2000 
Ricou Hoeffer et 
al., 2000 
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Metal Removed 
Zn and Cd 
Cd(II), Cu(II), Fe(III), 
Pb(II)andNi(II) 
Cu 
Cr(VI) 
Cd(II), Cu(II), Ni(II) 
and Zn(II) 
Cr(VI) 
Zn 
Cu(II) 
Cd(II) 
Cu, Ni, Co, Pb and Fe 
Ni(II) and Cr(III) 
Pb(II), Cu(II), Zn(II) 
and Ni(II) 
Ni(II) and Cu(II) 
Cr and Cu 
Cr(VI) 
Cd, Cu and Zn ions 
Cr 
Pb and Cr 
Cr(VI) 
Pb(II) 
Adsorbent 
Peat 
Serpentine 
Sawdust 
Avena monida (Oat) 
biomass 
Anaerobically digested 
sludge 
Cow dung cake 
Dried animal bones 
Tyre rubber 
Transcarpathian 
Clinoptilolite 
Acidic manganese 
chloride 
Tea leaves 
Effloresced coal 
Lignite-based carbon 
Barks of eucalyptus and 
Cassia fistula 
Rice straw 
Bone char 
Nitrified lignite 
Red mud 
Chitosan 
Aspergillus niger 
biomass 
Remarks 
Peat columns are able 
to retain the main 
interferent on 
adsorption of Zn and 
Cd ions in solution 
99 % removal 
Provide strong 
evidence to support 
the hypothesis of 
adsorption 
mechanism 
Cr(VI) is reduced to 
Cr(III) in polluted 
water 
Sludge affinity was 
Cu(II)>Cd(II)>Zn(II) 
>Ni(II) 
90 % removal 
Maximum 
adsorptions were 7.97 
and 5.91 mg/g 
Removal rate was 97 
% at pH 4 and 20°C 
Eucalyptus bark is 
more efficient in 
removal of Cr and Cu 
then Cassia fistula 
Sorption of Cd and 
Zn ions on to bone 
char are primarily 
film-pore diffusion 
controlled 
Reference 
Petroni et al., 2000 
Guo and Yuan, 
2000 
Yu et al., 2000 
Gardea-Torresdey 
et al., 2000 
Artola et al., 2000 
Das et al., 2000 
Banat et al., 2000 
Al-Asheh and 
Banat, 2000 
Vasylechko et aJ., 
2000 
Diniz et al., 2000 
Nishioka et al., 
2000 
Mei J., 2000 
Samra S.E., 2000 
Tiwari et al., 2000 
Samanta et al., 
2000 
Cheung etal., 2001 
Wang et al., 2001 
Gupta etal., 2001 
Tang et al., 2001 
Jianlong et al., 2001 
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Metal Removed 
Pb(II) and Cr(VI) 
Cd 
Cr(III) 
Pb and Cd 
Heavy metals 
Ni(II) 
Metal ions 
Heavy metals 
Cu, Zn, Ni and Cd 
Pb 
Cu 
Ni(II) 
Cr(VI) 
Metal ions 
Zn(II) 
Copper 
Copper 
Pb(II) 
Cd(II) 
Metal ions 
Heavy metal 
Heavy metals 
Adsorbent 
Solar thermal and chemo 
thermal activated carbon 
Geothite-coated sand 
Fly Ash of poultry litter 
Kaolinite 
Sawdust 
Sludge ash 
MgO(lOO) 
Aquatic plant 
(Myriophyllum spicatum) 
Modified activated carbons 
Freshwater alga Chlorella 
kesslerii 
Olive mill residues 
Bentonite 
Ferrous saponite 
Humic acids extracted 
from browTi coals 
Activated carbon from 
almond husks 
Natural and modified 
radiata bark pine 
Savanna acid soil 
Recycled-wool-based non 
woven materal 
SO2 treated activated 
carbon 
Chitosan 
Thai kaolin and ball clay 
Zeolites synthesized from 
fly ash 
Remarks 
92 % Zn(II) removal 
pH>3.0 
Adsorption by kaolin 
was: Cr > Zn > Cu ~ 
Cd ~ Ni > Pb by 
ballclay was: Cr > Zn 
> Cu > Cd ~ Pb > Ni 
Adsorption capacity 
of zeolites 
synthesized is higher 
thanthat offly ash 
Reference 
Nagar and Singh, 
2002 
Lai et al., 2002 
Kelleher et al., 
2002 
Coles and Yong, 
2002 
Shukla et al., 
2002 
Weng, C.H., 2002 
Campbell and 
Starr., 2002 
Keskinkan et al., 
2003 
Saha et al., 2003 
Slaveykova and 
Wilkinson, 2003 
Veglio et al., 
2003 
Tahir and Rauf, 
2003 
Parthasarathy et 
al., 2003 
Martyniuk and 
Wickowska, 2003 
Hasar et al., 2003 
Montes et al., 
2003 
Agbenin, J. 0., 
2003 
Radetic et al., 
2003 
Macias-Garcia et 
al., 2003 
Navarro et al., 
2003 
Chantawong and 
Harvey., 2003 
Yanxin et al., 
2003 
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Metal Removed 
Heavy metal ions 
Zn(II) 
Cd and Ni 
Lead 
Lead 
Lead 
Copper and Zinc 
ions 
Cu(II) and Pb(II) 
Cr(VI) 
Heavy metal ions 
Cu(II) and Cd(II) 
Copper(II) 
Cu(II) and Zn(II) 
Heavy metal ions 
Cu(II) 
Cu(II) 
Cu(II), Fe(III) and 
Cr(III) 
Cu(II), Ni(II) and 
Cd(II) 
Ni(II) 
Heavy metals 
Heavy metals 
Zn(II) 
Zn 
Hg(II) and Cd(II) 
Cr(VI) 
Heavy metal 
Adsorbent 
Fungus Penicillium canescens 
Synthetic zeolites 
Bagasse fly ash 
Natural condensed tannin 
Sea nodule 
Chitosan 
Chemically-treated chicken 
feathers 
Grafted silica 
Calcined Mg-Al-C03 
hydrotalcite 
Low-cost adsorbents 
Sheep manure 
Organosolv lignin 
Sepiolite 
Functionalized silica 
Aniline propyl silica xerogel 
Sewage sludge ash 
Clinoptilolite 
Goethite 
Penicillium chysogenum 
mycelium 
Alumina or chitosan 
Mineral matrix of tropical soils 
Montmorillonite-Al hydroxide 
Low-rank coal (leonardite) 
Goethite 
Indigenous low-cost material 
Gellan gum gel beads 
Remarks 
Effective removal of 
Zn(II) was 
demonstrated at pH 
values of 5-6 
Reference 
Say et al., 2003 
Badillo-Almaraz 
et al., 2003 
Gupta et al., 2003 
Zhan and Zhao., 
2003 
Bhattacharjee et 
al,2003 
Ng et al., 2003 
Al-Asheh and 
Banat, 2003 
Chiron et al., 
2003 
Lazaridis and 
Asouhidou, 2003 
Wang et al., 2003 
Kandah et al., 
2003 
Acemiolu et al., 
2003 
Vico, L. I. 2003 
Bois et al., 2003 
Pavan et al., 2003 
Pan et al., 2003 
Inglezakis et al., 
2003 
Buerge-Weirich 
and Behra., 2003 
Su and Wang, 
2003 
Cervera et al., 
2003 
Fontes and 
Gomes, 2003 
Janssen et al., 
2003 
Sole and Casas, 
2003 
Backstrom et al., 
2003 
Sharma, Y. C, 
2003 
Lazaro et al., 
2003 
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Metal Removed 
Cd, Cu, Pb and Zn 
Cr(VI), Cu(II) and 
Cd(II) ions 
Cu 
Cu(II) 
Cu(II) 
Cu(II) 
Lead, barium 
Cd(II) 
Cu(II) 
Metal ions 
Heavy metals 
Heavy metals 
Pb(II) 
Cr 
Cr 
Cu(II) 
Cu, Ni and Zn 
Cu(II) 
Cu(II) 
Pb(II), Cd(II) and 
Cr(VI) 
Cu and Ni 
Cu(II) and Pb(n) 
Zn(II) 
Adsorbent 
Pseudomonas Putida 
Rhizopus arrhizus 
Loess with high carbonate 
content 
Activated and non-activated 
oak shells 
Micaceous mineral of 
Kenyan origin 
Powdered marble wastes 
Clinoptilolite mineral 
Sugarcane bagasse pith 
Vineyard soils of Geneva 
Peat 
Chicken feathers 
Na-montmorillonite 
Natural materials 
Calcium alginate beads 
containing humic acid 
High-performance activated 
carbons 
Organic manure 
2-aminothiazole-modified 
silica gel 
A 1.10 Phenanthroline-
grafted Brazilian bentonite 
Caustic treated waste Baker's 
yeast biomass 
Activated carbon 
Turbid river water 
Regenerated sludge from a 
water treatment plant 
Chitosan 
Remarks 
80 % removal for all 
metals 
Cu(II) uptake increased 
with decreasing sorbent 
concentration or with 
an increase in Cu(II) 
concentration or 
solution pH 
Adsorption capacity of 
0.850 g/g for Cu(II) 
100 % Cu(II) was 
attained 
Reference 
Pardo et al., 2003 
Sa et al., 2003 
Jinren. 2003 
Al-Asheh et al., 
2003 
Attahiru et al., 
2003 
Ghazy et al., 2003 
Cakicioglu-Ozkan 
and Ulku, 2003 
Krishnan and 
Anirudhan, 2003 
Celardin et al., 
2003 
Ko et al., 2003 
Al-Asheh et al., 
2003 
Abollino et al., 
2003 
Abdel-Halim et 
al., 2003 
Pandey et al., 
2003 
Hu et al., 2003 
Bolan et al., 2003 
Roldan et al., 
2003 
De Leon et al., 
2003 
Goksungur et al., 
2003 
Rivera-Utrilla et 
al., 2003 
Herzl et al., 2003 
Wu et al., 2003 
Zhiguang et al., 
2003 
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Metal Removed 
Heavy metals 
Cu and Zn 
Cu(II) and Cd(II) 
Cd(II) 
Zn, Cu and Pb 
Heavy metal 
cations 
Heavy metal 
Heavy metal 
Cd(II) 
Cd 
Heavy metal ions 
Cr(III) 
Cu 
Metal ions 
Pb and Cr 
Cu and Zn 
Cr 
Cr(VI) and Se(II) 
Cu(II) 
Cr(Vl) 
Cr(VI) 
Ni(II) 
Cd(II) and Zn(II) 
Cr(VI) 
Cd 
Cu 
Adsorbent 
Sand 
Bone charcoal 
Low cost and waste material 
Muloorina Illite and related 
clay minerals 
Natural zeolite 
Geothite 
Ceratophyllum demersum 
Ecklonia maxima 
Tree fern 
Brown, green and red 
seaweeds 
Wood saw dust 
Chinese reed (Miscanthus 
sinensis) 
Chlorella vulgaris 
Bone char 
Bagasse fly ash 
Savanna Alfisol 
Treated sawdust 
Zn(IV) substituted 
ZnAl/MgAl-layered double 
Hydroxide 
Humic substance 
Activated rice husk and 
Activated alumina 
Hazelnut shell 
Alumina particles 
Fontinalis antipyretica 
Fe-modified steam exploded 
wheat straw 
Alginate coated Loofa sponge 
disc 
Peat 
Remarks Reference 
Awan et al., 2003 
Wilson and 
Pulford, 2003 
Ulmanu et al., 
2003 
Lackovic et al., 
2003 
Peri et al., 2004 
Kosmulski and 
Mczka, 2004 
Keskinkan et al., 
2004 
Feng and Aldrich, 
2004 
Ho and Wang, 
2004 
Hashim and Chu, 
2004 
Sciban and 
Klasnja, 2004 
Namasiyam and 
Holl, 2004 
Chu and Hashim, 
2004 
Choy et al., 2004 
Gupta and Ali, 
2004 
Agbenin and 
Olojo, 2004 
Garg et al., 2004 
Das et al., 2004 
Alvarez-Puebla et 
al., 2004 
Bishnoi et al., 
2004 
Kobya, M., 2004 
Hong et al., 2004 
Martin et al., 
2004 
Chun et al., 2004 
Iqbal, M., 2004 
Petroni and Pires, 
2004 
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Metal Removed 
Cu(II) 
Cu 
Cu(II) 
Co, Ni, Cu and 
Zn 
Metal ions 
Cadmium and 
Phosphate 
Cu 
Metal ions 
Cu, Zn, Ni, Pb 
and Cd ions 
Pb(II) 
Pb, Cd, Cu, Ni 
andZn 
Cd(II) and Zn(II) 
Cu(II) 
Heavy metals 
Ni(II) 
Cu(II) 
Pb(II) 
Cr(VI) 
Pb(II) and Zn(II) 
Fe(II), Pb(II) 
Ni(II) 
Cr 
Cu(II) 
Pb and Cd 
Adsorbent 
Poly acrylonitrile-immobilized 
dead cells of Saccharomyces 
Cerevisiae 
Montmorillonites 
Herbaceous peat 
Mangenese dioxide complex 
Bone char 
Geothite 
Chitosan 
Moroccan Stevensite 
Amberlite IR-120 synthetic resin 
Sea nodule residues 
Black gram husk (BGH) 
Bentonite 
H3P04-activated rubber wood 
sawdust 
Mulch 
Activated carbon prepared from 
waste apricot by chemical 
activation 
Cu-ZSM-5 Zeolite 
Polyacrylamide-bentonite and 
zeolite composites 
Chemically modified activated 
carbons 
Natural Goethite 
Peat and solvent-extracted peat 
Chitosan flakes 
Activated carbons prepared from 
coconut shells by chemical 
activation with KOH and ZnCb 
Sawdust 
Kaolinite 
Remarks 
Adsorption being 
pH dependent 
Reference 
Godjevargova 
and Mihova, 
2004 
Ding and Frost, 
2004 
Gundoan et al., 
2004 
Kanungo et al., 
2004 
Ko et al., 2004 
Wang and Xing, 
2004 
Wan et al., 2004 
Benhammon et 
al., 2005 
Demirbas et al., 
2005 
Agrawal et al., 
2005 
Saeed et al., 2005 
Lacin et al., 2005 
Kalavathy et al., 
2005 
Jang et al., 2005 
Erdogan et al., 
2005 
Kazansky and 
Pidko, 2005 
Ulusoy and 
Simsek, 2005 
Zhao et al., 2005 
Abdus-Salam and 
Adekola, 2005 
Minihan et al., 
2005 
Zamin et al., 2005 
Bendezu et al., 
2005 
Larous et al., 
2005 
Hepinstall et al., 
2005 
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Metal Removed 
Cu(II), Cd(II) 
and Ni(II) 
Iron and 
Manganese 
Zn(II) 
Mo and Ni 
Cr(VI) 
Cr(III) 
Pb(II) 
Zn(II) 
Ni(II) 
Pb(II) 
Cu(II) and Cd(II) 
Pb(II) 
Pb(II) and Cu(II) 
Cr(VI) 
Cr(VI) 
Pb(II) 
As(V), Pb(II)and 
Hg(II) 
Zn(II), Cd(II), 
Pb(II) ions 
Adsorbent 
Chitosan ftinctionalized with 2[-
bis-(pyridylmethyl) amino 
methyl]-4-methyl-6-
formylphenol 
Granular activated carbon 
Bacterial biofilm 
Alumina 
Used black tea leaves 
Activated carbon 
Clays 
Bentonite 
Crab shells 
Treated granular activated 
carbon 
Corncob particles 
Palm Kernel fibre 
Pretreated biomass of 
Neurospora crassa 
Maghemite nanoparticles 
Rice bran 
Coir and dye loaded coir fibres 
Coconut fiber and sawdust waste 
biomass containing chelating 
agents 
Maize cob and husk 
Remarks 
Maximum Cr(VI) 
adsorption achieved 
at initial Cr(VI) 
concentration < 150 
mg/I; initial pH of 
solution • 1.54-2; 
processing 
temperature <50''C 
Maximum adsorption 
occurred at pH 2 and 
12 whereas minimum 
adsorption occurred 
at pH 6-8 
Reference 
Justi et al., 2005 
Jusoh et al., 2005 
Toner et al., 2005 
Al-Dalama et al., 
2005 
Hossain et al., 
2005 
Lyubchik et al., 
2005 
Gupta et al., 2005 
Kaya and Oren, 
2005 
Pradhan et al., 
2005 
Goel et al., 2005 
Shen and 
Duvnjak, 2005 
Ho and Ofomaja, 
2005 
Kiran et al., 2005 
Hu et al., 2005 
Singh et al., 2005 
Shukla and Pai., 
2005 
Igwe et al., 2005 
Igwe et al., 2005 
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Metal Removed 
Cd(II) and Pb(II) 
Pb(II) 
Cr(VI) 
Cu(II) 
Cu(II), Zn(II) and 
Co(II) 
Cu(II), Ni(II) and 
Zn(II) 
Cd(II) 
Zn(II) 
Cd(II) 
Cu(II) and Cd(II) 
Pb(II) 
Cu(II) 
Pb(II) 
Pb(II) and Cu(II) 
Cd(II) 
Pb and Cd 
Pb(II) 
Cd(II), Cu(II) and 
Zn(II) 
Pb(II) 
Cd(II) 
Cu(II) 
Cr 
Cu(II), Pb(II) and 
Ni(II) 
Ni(II) 
Pb(II) 
Adsorbent 
Low-rank coal (Leonardite) 
Cellulose/Chitin beads 
4-vinyl pyridine grafted poly 
(ethylene terephthalate) fibers 
Phosphate rock 
Natural kaolin 
Modified jute fibres 
Chemically modified 
Australian coals 
Surface soils of nuclear power 
plant sites in India 
Natural and oxidized corncob 
Mn Oxide-Coated granular 
activated carbon 
Zeolite and Sepiolite 
Paenibacillus polymyxa Cells 
and their (EPS) 
Exopolysaccharide 
Polymerized banana stem 
Nipa palm biomass 
Protonated Macroalga 
Sargassum muticum 
Amine-modified zeolite 
Activated carbon 
Bone char 
1 
Immobilized Pinus sylvestris 
sawdust 
Hydrous Al(III) Floe in the 
presence of a modified form of 
Polyethylenimine 
Kaolinite 
Cross-linked chitosan 
PEI-Modified biomass 
Modified pine tree materials 
Treated granular activated 
carbon 
Remarks 
Maximum adsorption 
capacity was 263.16 
mg/g 
Reference 
Lao et al., 2005 
Zhou et al., 2005 
Yigitoglu and 
Arslan, 2005 
Sarioglu et al., 
2005 
Ceylan et al., 
2005 
Shukla and Pai, 
2005 
Bums et al., 2005 
Dahiya et al., 
2005 
Leyva-Ramos et 
al., 2005 
Fan and 
Anderson, 2005 
Turan et al., 2005 
Acosta et al., 
2005 
Noeline et al., 
2005 
Wankasi et al., 
2005 
Lodeiro et al., 
2005 
Wingenfelder et 
al., 2005 
Zhang et al., 2005 
Choy and 
McKay, 2005 
Taty-Costodes et 
al., 2005 
McCullagh and 
Saunders, 2005 
Peacock and 
Sherman, 2005 
Rojas et al., 2005 
Deng and Ting, 
2005 
Argun et al., 2005 
Goel et al., 2005 
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Metal Removed 
Pb(II) and Cd(U) 
Ni(II) 
Cd(II) 
Cd(II) 
Cr(VI) 
Pb(n) 
Cr(VI) 
Pb(II) 
Cu, Cd, Zn 
Cd(II) and Pb(II) 
Cd(II) and Zn(II) 
Co(II) and Ni(II) 
Chromium(VI) 
Cu(II) and Pb(II) 
Pb(II) 
Cu(II) 
Pb(II), Ni(II) 
Copper, Silver and 
Zinc 
Pb(II) 
Zn(II) 
Adsorbent 
Shales belonging to the 
Proterozoic Vindhyan basin, 
central India and a black cotton 
soil, Mumbai, India 
Sawdust 
Agricultrual waste 'Rice 
Polish' 
Commercial activated carbon 
(CAC) and chemically prepared 
activated carbons (CPACs) 
from raw materials such as 
straw, saw dust and dates nut 
Chitosan-based polymeric 
surfactants 
Decaying tamrix leaves 
Activated carbons 
Crosslinked amphoteric starch 
containing the Carboxymethyl 
group 
Bone char 
Vermiculite 
Activated carbon 
Peanut hulls through 
esterification using citric acid 
Iron complexed protein waste 
Activated carbon 
Palm Kernel fibre 
Chemically modified thin 
chitosan membranes 
Natural bentonite 
Polarized activated carbons 
Tree fern 
Rhizopus arrhizus 
Remarks 
The optimum pH for 
the adsorption of 
cobalt(II) ions onto the 
peanut hulls citrate was 
7.0 
Reference 
Paikaray et al. 
2005 
Shukla et al. 
2005 
Singh et al., 2005 
Kannan anc 
Rengasamy, 2005 
Lee et al., 2005 
Zaggout, F. R. 
2005 
Khezami an( 
Capart, 2005 
Xu et al., 2005 
Cheung et al. 
2005 
Abate anc 
Masini, 2005 
Leyva-Ramos e 
al., 2005 
Hashem et al. 
2005 
Fathima et al. 
2005 
Machida et al. 
2005 
Ho and Ofomaja 
2005 
Cestari et al. 
2005 
Donat et al., 2005 
Goldin et al. 
2005 
Ho, Yuh-Shan 
2005 
Preetha anc 
Viruthagiri, 2005 
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Metal Removed 
Cd, Pb and Zn 
Cr(III) 
Cu(II), Ni(II) 
and Zn(II) 
Pb(II) 
Copper 
Lead 
Zn 
Cr(VI) 
Cr(VI) 
Pb(II) and 
Cd(II) 
Lead, mercury 
and nickel 
Cu(II) 
Ni(II) and Cu(II) 
Cr(III), Cu(II), 
Zn(II) 
Cr(VI) 
Pb(II) 
Cd(II) and 
Pb(II) 
Cr(VI) 
Pb(II) 
Pb(II) 
Cu(II) 
Pb(II) 
Cr(III), Ni(II), 
Zn(II). Co(II) 
Adsorbent 
Maize cob 
Turkish brown coals 
Dye loaded groundnut shells and 
sawdust 
Acidic Polysaccharide gels 
Chitosan-Cellulose hydrogel 
beads 
Siderite 
Solvent-Impregnated resins 
Containing Cyanex 272 
Agave lechuguilla biomass 
Lewatit-anion exchange resins 
Caladium bicolor (wild 
Cocoyam) 
Carbon aerogel 
Bentonite 
Immature coal (leonardite) 
Carrot residues 
Iron(III) Hydroxide-loaded sugar 
beet pulp 
Active carbon 
Various cereals from Korea 
Activated eucalyptus bark 
Agricultural waste maize bran 
Palm shell activated carbon 
Composite sewage 
sludge/industrial sludge-based 
adsorbents 
Graphene layer of carbonaceous 
materials 
Phenolated wood resin 
Remarks Reference 
Abia and Igwe, 
2005 
Gode and 
Pehlivan, 2005 
Shukla and Pai, 
2005 
Dhakal et al., 
2005 
Li and Bai, 2005 
Erdem and 
Ozverdi, 2005 
Shiau et al., 2005 
Romero-Gonzalez 
et al., 2005 
Gode and 
Pehlivan, 2005 
Horsfall Jr. and 
Spiff, 2005 
Goel et al., 2005 
Al-Qunaibit et al., 
2005 
Zeledon-Toruno 
et al., 2005 
Nasemejad et al., 
2005 
Altundogan, H.S, 
2005 
Qadeer et al., 
2005 
Park et al., 2005 
Sarin et al., 2006 
Singh et al., 2006 
Issabayeva et al., 
2006 
Seredych and 
Bandosz, 2006 
Machida et al., 
2006 
Kara et al., 2006 
27 
Metal Removed 
Cd(II), Zn(II), 
Mg(II) and 
Cr(VI) 
Cu(II) and Pb(II) 
Cu(II), Cd(II) 
and Pb(II) 
Pb(II) 
Cd(II) 
Cd(II) 
Pb(II) 
Cd(II) 
Pb(II), Cd(II) 
Zn(II) and Cu(II) 
Cr(III) 
Cu(II) and Ni(II) 
Cr(VI) 
Cd(II) 
Cu(II) and Zn(II) 
Cu(II) 
Cr(III) 
Cu(II) 
Pb(II) 
Cd(II) 
Cr(VI) 
Cr(VI) 
Cr(VI) 
Cu(II) 
Pb(II) 
Cd(II) 
Adsorbent 
Clay mineral 
Manganese oxide coated sand 
Pyrite and synthetic iron 
sulphide 
Immobilized Pseudomonas 
Aeruginosa PU21 beads 
Hydrous manganese dioxide 
Husk of Lathyrus sativus 
Oryza sativa L. Husk and 
Chitosan 
Highly mineralized peat 
Kaolinite clay 
Sugar beet pulp and fly ash 
Activated carbon from 
agricultrual waste material and 
fabric cloth 
Solid humic acid from the Azraq 
Area, Jordan 
Activated Carbo-aluminosilicate 
material from oil shale 
Chitosan-coated perlite beads 
Acid soils 
Goethite and Bimessite 
Activated Carbon from sugar 
industrial waste 
Microwave stabilized heavy 
metal sludge 
Chemically-modified biomass of 
marine brown algae Laminaria 
japonica 
Arable and forest soils 
Sorel's cement 
Activated carbon 
Tamarind hull-based adsorbent 
Kaolinite, montmorillonite and 
their modified derivatives 
Restricted Phyllomorphous clay 
Coconut copra meal 
Remarks 
Adsorpion 
capacity was 21.4 
mg/g 
Reference 
Fonseca et al., 2006 
Han et al., 2006 
Ozverdi and Erdem, 
2006 
Lin and Lai, 2006 
Tripathy et al., 2006 
Panda et al., 2006 
Zulkali et al., 2006 
Gabaldon et al., 2006 
Adebowale et al., 
2006 
Pehlivan et al., 2006 
Mohan et al., 2006 
El-Eswed and 
Khalili, 2006 
Shawabkeh, R.A., 
2006 
Hasan et al., 2006 
Arias et al., 2006 
Huerta-Diaz, M. A., 
2006 
Fahim et al., 2006 
Hsieh et al., 2006 
Luo et al., 2006 
Palagyi et al., 2006 
Hassan et al., 2006 
Yavuz et al., 2006 
Verma et al., 2006 
Bhattacharyya and 
Gupta, 2006 
Giannakopoulos et 
al., 2006 
Ho and Ofomaja, 
2006 
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Metal Removed 
Pb(II) 
Cr(VI) 
Cu(II) 
Cu(II) 
Cd(II) 
Pb, Cu and Cd 
Cr(VI) 
Pb(II) and Ni(II) 
Cd(II) 
Cr(II) 
Cd(II) 
Cr(III) 
Pb(II) 
Cr(VI) 
Cu(n) and 
Cd(II) 
Cu(II) and Pb(n) 
Cr(VI) and 
Cr(III) 
Cd(II) 
Cu(II) and Pb(II) 
Cu(II), Zn(II) 
and Pb(II) 
Cu(II) 
Cr(VI) 
Cd(II) 
Cd(II) and Pb(II) 
Cr(VI) 
Cr 
Adsorbent 
Peach and apricot stones 
Grape Stalk wastes encapsulated 
in calcium alginate beads 
Thin Vanillin-modified chitosan 
membranes 
Tectona grandis L.F. (teak 
Leaves Powder) 
Haro river sand 
Particulate organic matter in soil 
Acacia Nilotica bark 
Chemically modified and 
unmodified agricultural 
adsorbents 
Kaolinite 
Tamarindus indica seeds 
Wheat bran 
Spirulina platensis 
Cross-linked starch phosphate 
carbamate 
Manganese nodule leached 
residue obtained from NH3-SO2 
leaching 
Kraft lignin 
Manganese oxide coated zeolite 
Natural Clino-pyrrhotite 
Kaolinite-based clays 
Dried activated sludge 
Calcite 
Kaolinite 
Waste acorn of Quercus 
ithaburensis 
Pyrite 
Seaweed biomass 
Tea factory waste 
Eucalyptus bark 
Remarks Reference 
Rashed, M. N., 
2006 
Fiol et al., 2006 
Cestari et al., 
2006 
King et al., 2006 
Ahmed et al., 
2006 
Quo et al., 2006 
Rani et al., 2006 
Abia and Asuquo, 
2006 
Harris et al., 2006 
Agarwal et al., 
2006 
Singh et al., 2006 
Li et al., 2006 
Quo et al., 2006 
Mallick et al., 
2006 
Mohan et al., 
2006 
Zou et al., 2006 
Lu et al., 2006 
Hizal and Apak, 
2006 
Wang et al., 2006 
Elzinga et al., 
2006 
Li and Dai., 2006 
Malkoc et al., 
2006 
Borah and 
Senapati., 2006 
Kumar and 
Kaladharan, 2006 
Malkoc and 
Nuhoglu, 2006 
Sarin and Pant, 
2006 
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Metal Removed 
Pb(II) 
Cr(VI) 
Co(II), Cr(II) and 
Ni(II) 
Cd(II) 
Cr(VI) 
Pb(II) 
Cu(II) 
Cd(I]) 
Cu(II), Cd(II) 
Pb(II) 
Cu(II) 
Pb(II) and Cd(II) 
Cr(VI) 
Cu(II) 
Cd(II) and Ni(II) 
Cu(II) 
Cu(II), Ni(II) and 
Co(II) 
Cr(VI) 
Cu(II) 
Cu(II) 
Zn(II) 
Cd(II) 
Adsorbent 
Oryza sativa L. Husk 
Cassava (manihot Sculenta 
Cranz.) 
Coir pith 
Green coconut shell powder 
Li/Al layered double 
hydroxide 
Kaolinite and Montmorillonite 
Spirogyra species 
Treated rice husk 
Ceiba Pentandra hulls 
Palm Kernel fiber 
Schwertmannite and Goethite 
Polymer-grafted banana (Musa 
paradisiacal) stalk 
Brown coals 
Heavy metal precipitant N,N-
bis-(dithiocarboxy) piperazine 
Bagasse fly ash 
Glycidyl methacrylate 
chelating resin containing 
Fe203 particles 
Methacrylic Acid/acrylamide 
monomer mixture grafted Poly 
(ethylene Terephthalate) fiber 
Activated hazelnut shell ash 
and activated bentonite 
Chitosan and Chitosan/PVA 
beads 
Activated carbon 
Zeolites 
Modified sodium alginate 
Remarks Reference 
Zulkali et al., 
2006 
Horsfall Jr. et al., 
2006 
Parab et al., 2006 
Pino et al., 2006 
Wang et al., 2006 
Bhattacharyya 
and Gupta, 2006 
Gupta et al., 2006 
Kumar and 
Bandyopadhyay, 
2006 
Rao et al., 2006 
Ho and Ofomaja, 
2006 
Jonsson et al., 
2006 
Shibi and 
Anirudhan, 2006 
Gode and 
Pehlivan, 2006 
Fu et al., 2006 
Srivastava et al., 
2006 
Donia et al., 2006 
Coskun et al., 
2006 
Bayrak et al., 
2006 
Ho, Yun-Shan, 
2006 
Boari et al., 2006 
Oren and Kaya, 
2006 
Hashem and 
Elhmmali, 2006 
30 
Metal Removed 
Cr(VI) 
Pb(II) 
Cd(II) and Pb(II) 
Co(II), Fe(II) and 
Cu(II) 
Zn, Cd, Pb 
Cr(VI) 
Cr(VI) 
Pb,Fe 
Zn(II) 
Cd(II) and Zn(II) 
Cr(III) 
Cd(II), Cu(II), Zn(II) 
Pb(II) 
Cu(II) and Pb(II) 
Ni(II) 
Pb(II), Cd(II), Cu(II) 
and Ni(II) 
Cu(II) 
Cu(II), Cd(II), Zn(II), 
Mn(II) and Fe(III) 
Ni(II), Zn(II) and 
Fe(II) 
Ni(II) 
Cu(II), Zn(II), Cd(II), 
Pb(II) 
Adsorbent 
ZnCl2 activated coir pith 
carbon 
Wine-processing waste 
sludge 
Mesoporous silicate MCM-
41 
Modified and unmodified 
maize husk 
Arbuscular Mycorrhizal 
maize (Zea mays L.) 
Fungi biomass 
Chitosan coated 
montmorillonite 
Vegetable biomass 
Granular activated carbon 
and natural zeolite 
Bagasse fly ash 
Agave lechuguilla biomass 
Cassava (Manihot sculenta 
Cranz) tuber bark waste 
ZnO loading to activated 
carbon 
Kaolinite-based clay 
minerals individually and in 
the presence of humic acid 
Clays 
Anaerobic granular biomass 
Activated carbon from 
alkaline impregnated 
hazelnut shell 
Tarmic acid immobilised 
activated carbon 
Modified coir fibres 
Coir based adsorbent 
Waste tea and coffee 
adsorbents 
Remarks Reference 
Namasivayam 
and Sangeetha, 
2006 
Yuan-Shen et al., 
2006 
Oshima et al., 
2006 
Igwe et al., 2006 
Shen et al., 2006 
Louhab et al., 
2006 
Fan et al., 2006 
Bun-ei et al., 
2006 
Meshko et al., 
2006 
Srivastava et al., 
2006 
Romero-Gonzalez 
et al., 2006 
Horsfall et al., 
2006 
Kikuchi et al., 
2006 
Hizal and Apak, 
2006 
Gupta and 
Bhattacharyya, 
2006 
Hawari and 
Mulligan, 2006 
Sayan, E., 2006 
Ucer et al., 2006 
Shukla et al., 
2006 
Nityanandi et al., 
2006 
Utomo et al., 
2006 
31 
Metal Removed 
Zn(II) 
Cu(II) 
Pb(II) 
Cr(VI) 
Cu(II) 
Cu(II) 
Cd(II) and Pb(II) 
Cu(II) and Pb(II) 
Pb(II), Cu(II), 
Cd(II), Zn(II) and 
Hg(II) 
Cd(II) 
Zn(II) 
Cu(II), Zn(II), 
Pb(II), Fe(III) and 
Cd(II) 
Cr(VI) 
Cd(II), Pb(II) and 
Zn(II) 
Cu(II) 
Pb(II) 
Pb(II) 
Cu(II), Cd(II), 
Cr(VI), Zn(II) 
Pb(II), Cd(II) 
Adsorbent 
Purified carbon 
nanotubes 
Montmorillonite 
Poly(ethylene 
terephthalate)-g-
Acrylamide fibers 
Live and pretreated 
biomass of Aspergillus 
flavus 
Chelating cellulose 
Cellulosic-adsorbent 
resin 
Diatom surface 
Pretreated Aspergillus 
niger 
Multi-amine-grafted 
Mesoporous silicas 
Sugarcane bagasse 
Chemically treated 
newspaper pulp 
Degreased coffee beans 
(DCB) 
Turkish brown coals 
Unmodified and EDTA-
modified maize husk 
Activated carbon 
(ChemvironC-1300) 
Modified clay 
Chitosan functinalized 
with xanthate 
Coffee husks 
Kaolinite clay and 
polyvinyl alcohal-
modified kaolinite clay 
Remarks 
The fresh dry samples 
were found to show 
much higher adsorption 
capacity than the aged 
ones 
Zn(II) loading on TNP 
was dependent on 
initial zinc 
concentration 
DCB behaves as a 
cation exchanger 
The adsorption reached 
equilibrium in 80 min 
Sorption process was 
found to be 
physiosorption process 
Adsorpiton capacity at 
pH5.0 
Maximum adsorption 
was observed both at 
pH 4 and 5 
91 % Pb and 94 % Cd 
were desorbed for 
kaonilite clay while 99 
% Pb and 97 % PVA 
modified kaonilite clay 
Reference 
Lu and Chiu, 2006 
Qin and Shan, 2006 
Coskun and Soykan, 
2006 
Deepa et al., 2006 
Connell et al., 2006 
Bao-Xiu et al., 2006 
Gelabert et al., 2006 
Dursun et al., 2006 
Zhang et al, 2007 
Ibrahim et al., 2007 
Chakravarty et al., 
2007 
Kaikake et al., 2007 
Arslan and Pehlivan, 
2007 
Igwe and Abia, 2007 
Kalpakli and 
Koyuncu, 2007 
Guerra et al., 2008 
Chauhan and 
Sankararamakrishnan, 
2008 
Oliveira et al., 2008 
Unuabonah et al., 
2008 
32 
Metal Removed 
Cd(II), Pb(II) 
Zn(II), Ni(II), 
Cd(II), Cu(II), 
Pb(II) 
Cd(II), Zn(II), 
Pb(II) 
Cd(II), Zn(II) 
Pb(II) 
Zn(II), Cd(II), 
Pb(II) 
Cu(II), Mn(II), 
Pb(II) 
Cr(VI), As(V) 
Cr(III), Cr(VI) 
Cu(II), Ni(II) 
Zn(II) 
Cu(II) 
Cr(VI) 
Cr(VI) 
Cd(II), Pb(II) 
Adsorbent 
Sugarbeet pulp 
Tobacco dust 
Orange wastes 
Rice husk ash 
Zeolite-ClinoptiloHte 
Natural Clinoptilolitic 
zeolites and commercial 
granular activated carbon 
Pecan nutshell 
HDTMA- modified 
zeolite 
Modified sorbent 
Food samples 
Coal fly ash 
Marrubium globosum 
ssp. globosum 
leaves powder 
Helianthus annuus 
(sunflower) stem waste 
Tropical peats 
Banana peels 
Remarks 
Maximum uptake was 
observed at pH 5.3 
Maximum adsorption 
was 0.25 mmol/g fir 
three binary systems 
Maximum adsorption 
atpH6 
Maximum adsorption 
capacities were 1.35, 
1.78, 0.946 mmol/g for 
Cu(II), Mn(II), Pb(II) 
Highest maximum 
efficiency was 
observed at pH 3 and 8 
Removal of Zn 
increased with increase 
in dose 
Maximum Cr(VI) 
removal was at pH 2.0 
95 % adsorption at pH 
4.0 
Maximum amounts of 
Cd(II) and Pb(II) were 
5.71 and 2.18 mg/g 
Reference 
Pehlivan et al., 2008 
Qi and Aldrich, 2008 
Perez-Marin et al., 
2008 
Srivastva et al., 2008 
Medvidovic et al., 
2008 
Minceva et al., 2009 
Vaghetti et al., 2009 
Yusof and Malek, 
2009 
Memon et al., 2009 
Tuzen et al., 2009 
Hong et al., 2009 
Kilic M., Yazici, H., 
Solak, M, 2009 
Jain et al., 2009 
Batista et al., 2009 
Anwar et al., 2010 
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Metal Removed 
Cd(II), Pb(II), 
Ni(II), Zn(II), 
Cu(II) 
Cu(II), Cd(II), 
Pb(II) 
Pb(II),Cu(II), 
Cd(II), Ni(II) 
Cr(III), Cd(III) 
Cu(II), Zn(II), 
Ni(II), Cd(II), 
Pb(II), Hg(II), 
Cr(VI) 
Pb(II) 
Pb(II), Cd(II), 
Cu(II), Zn(II) 
Cd(II), Cu(II), 
Ni(II), Pb(II), 
Zn(II) 
Cu(II), Pb(II), 
Cd(II), Zn(II), 
Ni(II) 
Cu(II), Cr(III) 
Cd(II) 
Cd(II) 
Cd(II), Cu(II), 
Pb(II), Zn(II) 
Cu, Pb, Cr 
Pb(II), Cd(II) 
Zn(II), Cd(II), 
Pb(II) 
Cd(II) 
Cr(VI), Cr(III) 
Adsorbent 
Chemically modified 
sugarcane bagasse 
Acacia leucocephala 
bark powder natural 
kaolinite clay 
Illitic clay 
Chitosan 
Pine cone powder 
Apricot stones 
Montmorillonite 
Green coconut shells 
Vermiculite 
GMZ Bentonite 
Wheat 
Soils and vegetables 
Na- Montmorillonite 
Carpobrotus edulis plant 
Calcite mollusk shell 
Syzygium cumini leaf 
powder 
Tea industry waste 
activated carbon 
Remarks 
Optimum adsorption 
takes place at pH 6.0, 
5.0 and 4.0 
Adsorption is rapid; 
Maximum adsorption 
within 30 min 
Maximum adsorption 
atpH6 
Maximum adsorption 
was 29.08 mg/g at pH 
5.5, cone. lOOmg/L 
Percentage adsorption 
was 95-100% 
Reference 
Homagai et al., 
2010 
Munagapati et al., 
2010 
Jiang etal., 2010 
Ghorbel-Abid et 
al.,2010 
Wuetal., 2010 
Ofomaja and 
Naidooet al.,2010 
Tsibranska and 
Hristova et al., 
2010 
Guet al.,2010 
Sousaet al.,2010 
Badawyet al.,2010 
Zhao etal., 2011 
Farooqetal., 2011 
Luo etal., 2011 
Zhu etal., 2011 
Chiban etal., 2011 
Ductal., 2011 
Rao etal., 2011 
Duranetal., 2011 
34 
Metal Removed 
Cr(VI) 
Cu(II) 
Cu(II) 
Cu(II) 
Zn(II) 
Zn(II) 
Pb(II), Cr(III), 
Cu(II), Zn(II), 
Cd(II), Ni(II), 
Hg(II), Ba(II), Ag 
Zn(II) 
Pb(II) 
Pb(II), Zn(II) 
Adsorbent 
Com stalks 
Cashew nut shell 
Natural and acid 
activated clays 
Rice hulls 
Ca-Bentonite 
Red mud 
Montmorillonite,Ca-
Montmorillonite 
Chicken feathers 
Soya bean hulls 
Sulfured orange peel 
Remarks 
Maximum adsorption 
capacity was 200.0 
mg/g at 303 K 
Maximum adsorption 
atpH5 
Maximum adsorption 
atpH4 
Maximum adsorption 
was 4.31 mg/gat30°C, 
pH5 
Maximum adsorption 
capacity was 217 mg/g, 
pH7 
Maximum removal 
capacity was 164 mg/g 
for Pb (II) and 80 mg/g 
for Zn(II) 
Reference 
Chen etal., 2011 
Senthilkumar et al., 
2011 
Bhattacharya and 
Gupta, 2011 
Jeon, 2011 
Zhang etal., 2011 
Sahuetal., 2011 
De Pablo et al., 
2011 
Aguayo-Villarreal 
et al., 2011 
Jiaetal., 2011 
Liang etal., 2011 
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Chapter- 2 
Adsorption Properties of Coriander Seed 
Powder {Coriandrum sativum): Extraction 
and Preconcentration of Pb(II), Cu(II) and 
Zn(II) From Aqueous Solution 
^^^H^V 
^^k, >^x^ ^ ^ I ^ ^ ^ ^ ^ ^ H L A I 
2.1 INTRODUCTION i ^ ' * " "•• • )«, 
The increasing pollution of the environment highlights the adwei^^^^^xjjyf^ae^iig^y^^ 
metals [Ajmal et al., 2003]. The main sources behind the increasing! 
are lead storage batteries, energy and fuel production, metal surface treating, mining 
and metal related industries such as tanning, electric appliances manufacturing etc. 
Heavy metals such as Pb(II), Zn(II) and Cu(II) are commonly found in contaminated 
water [Babel and Kumiwan, 2003; Volesky, 1990; Alkorta et al., 2004]. The 
permissible limit of Pb(II), Zn(II) and Cu(II) in drinking water according to 
Environmental Protection Agency (EPA) [Mack et al., 2007] is 0.015, 1.3 and 5.00 
mg/L respectively. It is extremely important to remove these toxic metals from 
wastewater before its disposal into river, lake or on land. The adsorption technology 
has high efficiency in detoxifying effluents [Kenduzler and Turker, 2005]. Adsorption 
method has numerous advantages such as rapid, versatility, effectiveness, 
regeneration for multiple uses and high selectivity towards different metals [Soylak 
and Dogan, 1996]. Preconcentration step is sometimes necessary to determine heavy 
metals present in ultra trace level by atomic absorption spectrophotometery (AAS). 
The use of preconcentration step prior to metal analysis is usually required due to low 
level of metal ions in the aquatic samples [Lee and Choi, 2001]. This step can be 
accomplished successfully by using solid phase extraction (SPE) technique [Suleiman 
et al, 2008]. The successful adsorption studies on natural adsorbents such as wheat 
bran [Farajzadeh and Monji, 2004], spent grain [Low et al., 2000], tree fern [Ho and 
Wang, 2004], walnut, hazelnut, almond shell [Pehlivan and Altim, 2008] Foeniculum 
vulgari [Rao et al., 2010], simflower stalks [Sun and Shi, 1998], bael leaves 
[Chakravarty et al., 2010], red chilli [Sanjeev and Amarjit, 2006], Spices [Hifsa et al., 
2009], Rice husk [Sharma et al., 2009], Gular fhiits [Rao and Rehman, 2010], 
coriander [Karunasagar et al., 2005], Azadirachta indica leaf powder [Bhattacharyya 
et al., 2010], Limonia acidissima (wood apple) shell [Sartape et al., 2010], coconut 
coir [Khan et al. 2010] etc have already been reported. 
Coriandrum sativum (commonly known as coriander) is commercially grown in 
India, Morocco, Poland, Romania, Mexico, U.S.A., U.S.S.R. etc. India is the largest 
producer of coriander in the world [The wealth of India: A dictionary of Indian raw 
materials & industrial products, 2001]. Coriander is a tropical crop and is successfully 
grown in a wide range of conditions. The months of October to February are best 
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period for cultivation [The wealth of India: A dictionary of Indian raw materials & 
industrial products, 2001]. Coriander plant is an herb and has all the quality of food 
product. Its fruit possesses sweet and aromatic odour while seeds are stimulant, 
antipyretic and anthelmintic. Its fruit is usefiil in vomiting, indigestion, flatulence, 
intestinal disorders, bleeding piles, rheumatism and in eye infection [The wealth of 
India: A dictionary of Indian raw materials & industrial products, 2001]. Coriander oil 
is an essential oil made from the fruits on distillation. The fragrant odour and pleasant 
aromatic taste is due to the presence of essential oil which ranges from 0.1 to 0.3 % in 
the seeds [The wealth of India: A dictionary of Indian raw materials & industrial 
products, 2001]. The major constituents of the Indian coriander frxiit oil are linalool 
(49.2%), p- cymene (14.7%), camphor (9.6%) and a pinene (5.4%). The adsorption 
properties of Coriandrum sativum (coriander) seeds powder towards Pb(II), Cu(II) 
and Zn(II) were explored. The ability of coriander seeds to remove Pb(II) from 
aqueous solution and lead acid battery manufacturing wastewater was also 
demonstrated. 100% desorption of Pb(II), Cu(II) and Zn(II) has made it possible to 
extract and preconcentrate these metals from distilled water and natural water (tap 
water) at trace level prior to their determination. 
2.2. MATERIALS AND JMETHODS 
2.2.1. Preparation of adsorbent 
Seeds of coriander were dried, crushed, sieved and washed with double distilled water 
(DDW) to remove dust and dirt etc. The particles of 150-300 i^m size were collected 
and kept in sealed bottle for study. 
2.2.2. Adsorbate solution 
Stock solutions of Pb(II), Cu(II) and Zn(II) were prepared (1000 mg/L) by dissolving 
desired quantity of their nitrate salts (A.R. Grade) in DDW. 
2.2.3. Adsorption studies 
Adsorption studies were carried out by batch process. 0.5 g adsorbent was placed in a 
conical flask in which 50 mL solution of chosen metal ions of desired concentration 
was added and the mixture was shaken in temperature controlled shaker incubator for 
24 h. The mixture was then filtered using Whatman filter paper No.41 and final 
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concentration of metal ions was determined in the filtrate by atomic absorption 
spectrometry (AAS). 
2.2.4. Effect of pH 
The effect of pH on the adsorption of Pb(II), Cu(II) and Zn(II) was studied by batch 
process. 100 mL of metal solution (50 mg/L) was taken in beaker. The desired pH of 
solution was adjusted by adding dilute solution of 0.1 M HCl and 0.1 M NaOH. The 
concentration of metal ions in this solution was then determined (initial 
concentration). 50 mL of this solution was taken in a conical flask and treated with 
0.5 g adsorbent and after equilibrium, the final concentration of metal ions was 
determined. The final or equilibrium pH (pHf) was also recorded with the help of pH 
meter. 
2.2.5. Effect of contact time and initial concentration 
Effect of time on the adsorption of Pb(II) was determined by analyzing the residual 
Pb(II) in the liquid after contact period fi-om 5 to 300 min. Experiments were 
performed using batch process at room temperature. 0.5 g adsorbent was added to 50 
mL solution of various initial concentrations of Pb (II) (50-100 mg/L). Samples were 
withdrawn from conical flasks after specified time interval and analyzed for residual 
metal content. 
2.2.6. Point of zero charge 
The point of zero charge (pHpzc) of the adsorbent was determined by solid addition 
method [Latye et al., 2006]. 50 mL DDW was transferred to a series of conical flasks 
and the initial pH (pHj) of these solutions were roughly adjusted between 2 to 10 by 
using either 0.1 M HCl or 0.1 M NaOH solution. The initial pH (pHi) of these 
solutions was accurately noted. 0.5 g adsorbent was then added to each flask and 
allowed to equilibrate for 24 h with intermittent manual shaking. The final pH (pHf) 
of the supernatant liquid was then noted. The difference between the initial pH, and 
pHf values were plotted against pH,, the point of intersection of the resulting curve 
with abscissa, at which (pHj - pHf) = 0, gave the pHpzc. The same procedure was 
repealed using 0.001 M, 0.01 M and 0.1 M KNO3 solutions. 
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2.2.7. Effect of adsorbent dose 
A series of 250 mL conical flasks each containing 50 mL of Pb(II) solution of 50 
mg/L concentration were treated at 30°C with varying amount of adsorbent (0.1-1.0 
g). The flasks were shaken in a shaker incubator and after equilibrium, the solutions 
were filtered. The concentration of Pb(II) in the filtrate was then determined by AAS. 
The same procedure was repeated at 40 and 50°C. 
2.2.8. Effect of electrolytes 
The effect of various electrolytes such as NaCl, NaNOs, CaCh and MgCl2 on the 
adsorption of Pb(II), Cu(II) and Zn(Il) was investigated. In these experiments, 50 mL 
solution of 50 mg/L target metal ions prepared in the above electrolyte was treated 
with 0.5 g of adsorbent. The amount of metal ions adsorbed in presence of electrolyte 
was then determined as described earlier. 
2.2.9. Effect of Cu(II) and Zn(II) on the adsorption of Pb(II) 
In order to investigate the interference due to the presence of Cu(II) and Zn(II) on the 
adsorption of Pb(II), binary mixtures were prepared by varying Cu(II) concentration 
from 20-100 mg/L while concentration of Pb(II) was fixed as 50 mg/L in the Cu(II)-
Pb(II) mixture. 50 mL of each mixture was treated with 0.5 g adsorbent (pH 4) and 
after equilibrium, concentrations of Cu(II) and Pb(II) were determined by AAS. The 
same procedure was performed in Zn(II)-Pb(II) system. 
2.2.10. Breakthrough capacity 
0.5 g adsorbent was taken in glass colunm (0.6cm internal diameter) with glass wool 
support. 500 mL Pb(II) solution with 50 mg/L initial concentration (Co) was passed 
through the colunm with a flow rate of 1 mL/min. The effluent was collected in 50 
mL fractions and the amount of Pb(II) (C) was determined in each fraction by AAS. 
Breakthrough capacity curve was obtained by plotting C/Co versus volume of the 
effluent. Same procedure was adopted for Cu(II) and Zn(II). Breakthrough capacities 
of Pb(II),Cu(II) and Zn(II) were also determined in muhi-metal system for which 500 
mL solution containing a mixture of Pb(II), Cu(II) and Zn(II) (50 mg/L each) was 
passed through the column under identical conditions and breakthrough capacities of 
these metals were determined as described above. 
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2.2.11. Desorption studies 
In order to see the desorption behaviour in single metal system, the exhausted column 
after determination of breakthrough capacity was washed several times with DDW to 
remove excess of Pb(II) ions from the column, then 0.1 M HCl solution was passed 
through the column containing adsorbed Pb(II). The desorbed Pb(II) was collected in 
10 mL fractions. The flow rate was maintained at ImL/min. Desorption of Cu(II) and 
Zn(II) was also performed in the similar way. The same procedure was used in multi-
metal system. 
2.2.12. Removal of Pb(II) from lead acid battery manufacturing wastewater 
Wastewater sample was collected from the Lead acid battery manufacturing industry. 
One litre of wastewater was collected. It was filtered and analyzed for Pb(II). The 
initial pH of the collected water was found to be 1.5 therefore its pH was adjusted to 
pH 5.2 for fiirther study. It was passed through column containing 0.5 g adsorbent at 1 
mL/min flow rate. The column was washed several times with DDW and then 50 mL 
of 0.1 M HCl was passed through the column with flow rate of ImL/min. The amount 
of Pb(II) desorbed was then determined in the effluent by A AS. 
2.2.13. Preconcentration of heavy metals from DDW and tap water 
Preconcentration of Pb(II), Cu(II) and Zn(II) was performed as follows. 500 mL 
solution containing Pb(II), Cu(II) and Zn(II) (2.5 mg/L each) was prepared in DDW 
as well as in tap water separately. Samples were then passed in the separate columns 
each packed with 0.5 g adsorbent. The flow rate was maintained at 5 mL/min. The 
adsorbed metal ions were then desorbed with 0.1 M HCl solution. The effluent was 
collected in 10 mL fractions and analysed by A AS. 
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2.3. RESULTS AND DISCUSSION 
2.3.1. Characterization of adsorbent 
2.3.1. (a) Adsorption of metal ions 
The % adsorption of Pb(II), Cu(II), Zn(II), Ni(II), Cd(II) and Cr(VI) is shown in Figure 
2.1. The efficiency of adsorption was in the following order 
Pb(II)>Cu(II)>Zn(II)>Ni(II)>Cd(II)>Cr(VI) 
The % adsorption of Pb(II), Cu(II) and Zn(II) was found to be maximum hence 
adsorption properties of these metal ions were investigated in details. 
2.3.1. (b) Fourier transform infra-red spectroscopy (FTIR analysis) 
The functional groups or the binding sites were identified by FTIR spectra of native 
(Figure 2.2a) and Pb(II) adsorbed adsorbent (Figure 2.2b) with a view to understand 
the surface binding mechanism. The significant bands are presented in Table 2.1 
[Kalsi, 2004]. The bands at 1648, 1713 and 3361 cm'' indicated the presence of C = 
C, C = O groups and intermolecular hydrogen bonding respectively. Table 2.1 showed 
that bands due to C = O groups and hydrogen bonding were shifted to 1743 and 3336 
cm"' after Pb(II) adsorption indicating that interaction of Pb(II) occurred at these 
groups present on the surface of the adsorbent. 
2.3.2. Effect of time and concentration 
The mechanism of the metal uptake generally dependents on the initial concentration 
of heavy metals to which the adsorbent is in contact. At low concentration the specific 
sites are responsible for the adsorption, while with increasing metal concentration the 
specific sites are satiu-ated and the adsorption sites are filled [Lehman and Harter, 
1984]. The effect of initial concentration of Pb(II) on the extent of adsorption (Figure 
2.3) showed that adsorption of Pb(II) was concentration dependent. The equilibrium 
time also increased with increase in concentration. The equilibrium time increased 
fi-om 20 to 120 min when concentration was increased fi-om 50 to 70 mg/L and 
thereafter equilibrium time became independent of initial Pb(II) concentration. The 
adsorption of Pb(II) also increased with increase in concentration (Figure 2.3).The 
adsorption capacities at 50, 60, 70 and 100 mg/L initial Pb(II) concentrations were 
found to be 4.3, 4.9, 5.6 and 8.3 mg/g respectively. This might be due to increased 
driving force with increased Pb(Il) concentration. 
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Table 2.1. Assignment of bands to functional groups on the surface of coriander seeds 
as observed from FTIR spectroscopy 
Coriander seeds (native) 
(cm-') 
1155.33 
1457.48 
164S.86 
1713.72 
2854.28 
2925.56 
3361.94 
Coriander seeds after Pb(II) adsorption Bonds indicative 
(cm-') 
1151.99 
1461.81 
1644.53 
1743.83 
2856.03 
2923.55 
3336.66 
Out of plane bending or wagging CH2 
In plane bending or scissoring(6s CH2) 
C=C stretching 
C=0 stretching 
Symmetrical stretching of CH2 
Asymmetrical stretching of CH2 
Intermolecular hydrogen bonding 
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2.3.3. Effect of pH on the adsorption of Pb(II), Cu(II) and Zn(II) 
Adsorption of Pb(II) was strongly influenced by varying initial pH (pHj) of the 
solution (Figure 2.4). The % adsorption increased with increase in pHi, however 
increase in pHj above 6 resulted a decrease in % adsorption of Pb(II). Adsorption in 
general is also influenced by equilibrium pH or final pH (pHf) of the solution. The 
mechanism of adsorption with respect to pH can be explained on the basis of initial 
pH (pHj), final or equilibrium pH (pHf), surface charge of the adsorbent and 
speciation of metal in the solution. Adsorption of Pb(II) was 62 % at pH 2 (Figure 
2.4). Further, when pHj was adjusted to 2, pHf remained almost constant (pHf= 2.3) 
indicating that adsorption sites were protonated because of excess ions. However, 
when pHi was adjusted to 3 then pHf was increased to 4.5 and at the same time 
adsorption of Pb(II) increased to 98.8 % perhaps due to adsorption of Pb^ "^  along with 
H* ions. At pHi = 4, pHf increased to 6 but adsorption of Pb(II) remained 98.8 %. 
When pH| was fiirther adjusted to 6 then pHf remained unaltered (pHf = 6.3) and % 
adsorption of Pb(II) also remained constant (98.8%) indicating that in the pH range 
4-6 maximum amount of Pb(II) was adsorbed in the form of Pb^* (since Pb^* ions 
were the dominant species in this pH range) along with some H" ions hence there was 
an increase in pHf. However, at pHj = 8, pHf was reduced to 7.7 and adsorption of 
Pb(II) also decreased to 89%. The decrease in pHf and % adsorption indicated the 
formation of Pb(OH) .^ At pHj = 10, pHf was fiirther reduced to 7.3 due to the 
formation of Pb(0H)2 which was the dominant species at pH 10 [Yongjie et al., 2009] 
and % adsorption of Pb(II) also reduced to 32%. This might be due to the 
precipitation of Pb(II) as Pb(0H)2 in the solution. The pHpzc of the adsorbent was 
found to be 4.8 (Figure 2.5) indicating that surface was positive below pH 4.8, neutral 
at 4.8 and negative at pH greater than 4.8. The maximum adsorption of Pb(II) in the 
form of Pb^* in the pH range 4-6 supported this behaviour. Adsorption of Cu(II) was 
least at pH 2 (Figure 2.6) and increased to 80% at pH 4 due to deprotonation of the 
adsorption sites and Cu(II) was adsorbed in the form of Cu^ "^  and Cu(OH)'^  because 
Cu(II) existed as Cu^ ^ and Cu(OH)^ at pH 4-5 [Yongjie et al., 2009]. When pH, was 
increased to 6, adsorption of Cu(II) was increased very slowly and reached to 86% 
and at the same time pHf was decreased to 5.3 indicating the formation of more 
Cu(OH)* and Cu(0H)2 species. However, above pH 6, adsorption of Cu(II) was 
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decreased to 84 % (Figure 2.6) and pHf also decreased, indicating that Cu(II) 
precipitated as Cu(0H)2 since Cu(0H)2 was the major species at pH > 6. 
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Similarly adsorption of Zn(II) at various pHi values could be explained. The % 
adsorption of Zn(II) was least (20 %) at pH 2 (Figure 2.7) and then increased with 
increase in pHj. Maximum adsorption ( 7 8 - 8 2 %) occurred in the pH range 4-6 but 
above pH 6 the % adsorption decreased due to the precipitation of Zn(II) as Zn(0H)2 
[Yongjie et al., 2009]. A decrease in pHf in the pH range 6-10 also supported this 
statement. Therefore, it can be concluded that maximum amount of Pb(II), Cu(II) and 
Zn(II) was adsorbed in the form of Pb^ "^ , Cu^ "^  and Zn^ "^  ions up to pH 4. However, 
above pH 4 these metal ions were adsorbed in the form of other species. 
2.3.4. Adsorption isotherms 
In order to optimize the design of adsorption system for the removal of Pb(II), Cu(II) 
and Zn(II) from aqueous solution, it is important to explain the relationship between 
adsorbed metal ion per unit weight of adsorbent (qe) and residual concentration of 
metal ions in solution (Ce) at equilibrium. Experimental data for the adsorption of 
Pb(II) were fitted in the Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich 
(D-R) models at 30, 40 and 50°C while adsorption data for the adsorption of Pb(II), 
Cu(II) and Zn(II) were fitted to these models at 30°C and resuhs are reported in 
Tables 2.2. The fitting procedure was performed by using R- software version 2.10.1 
(2009-12-14). In order to evaluate the fitness of the data, correlation coefficient (R ), 
error analysis and chi- square test (5 )^ were evaluated between experimental and 
calculated data fi-om each model. 
According to Langmuir model the adsorption occurs on a homogenous surface 
forming monolayer of adsorbate with constant heat of adsorption for all sites without 
interaction between adsorbed molecules [Kalavathy and Miranda, 2010]. The linear 
form of Langmuir model may be given as 
1 1 1 1 
— = X + n) 
Where Ce is the equilibrium concentration of metal ions in the solution (mg/L), qe is 
the amount of metal ion adsorbed per unit weight of adsorbent (mg/g), qm is the 
amount of metal ion required to form monolayer (mg/g) or maximum monolayer 
adsorption capacity and b is a constant related to energy of adsorption (1/mg). The 
values of b and qm can be calculated from the slope and intercept of the linear plots of 
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1/qe and 1/Ce at different temperatures. The data obtained from this model indicated 
that it did not fit well at 30°C, however the data showed better applicability at 40 and 
50°C as indicated by high correlation coefficient (R^), -^ and RSE values (Table 2.2). 
The Freundlich model is an empirical equation based on adsorption on a 
heterogeneous surface. The linear form of Freundlich model can be represented as 
log^, = log A: . + - l o g Q (2) 
n 
Where, Kf and n are Freundlich constants related to multilayer adsorption and 
adsorption intensity respectively. A plot of log qe versus log Ce should generate 
straight line and values of 1/n and Kf can be calculated from the slope and intercept. 
The data obtained from this model indicated that the values of Kf and n increased with 
the increase in temperature from 30 to 50°C but this model was better obeyed at 40''C 
because of high R^  (0.99) and least x^  value (Table 2.2). 
Temkin isotherm assumes that the decrease in the heat of adsorption is linear rather 
than logarithmic, as implied in the Freundlich isotherm [Nemr, 2009]. The linear form 
of Temkin equation can be represented as 
% = 
(Rf\ , . (Rt\ 
\o ) 
X ln^+ — xlnC U J (3) 
Where (RT/b) = B, R is universal gas constant, T is absolute temperature and b is 
another constant. A (g/L) and B are Temkin constants related to adsorption potential 
and heat of adsorption. The values of A and B can be calculated from the slope and 
intercept of the plot of qe versus In Ce. The data obtained from Temkin model (Table 
2.2) indicated that this model was better fitted at 40°C (R^ = 0.9797). 
Dubinin-Radushkevich (D-R) isotherm does not assume a homogenous surface or a 
constant sorption potential [Gonzalez et al., 2006]. The linear form of this equation is 
represented as 
\r^q^=\xvq^- PE^ (4) 
Where G is the Polyani potential, qm is the monolayer capacity (mol/g), Ce is the 
equilibrium concentration (mol/L), and K is a constant related to adsorption energy 
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moP / (kT )^. The polyani potential (G) and mean free energy of adsorption (E, KJ 
mol/L) can be calculated from the equations 
e = RT \n\\ + 1 ^ 
Ce (5) 
E = 
^F2^ 
(6) 
It can be concluded that all the above models were well fitted at 4QPC as indicated by 
low values of RSE, high correlation coefficient (R )^ and least chi-square (x^ ) test 
values. The p value for all the models at 40° C were less than 0.05 (p<0.05). Table 2.2 
describes the isotherm data of Pb(II) and Zn(II) obtained from Langmuir, Freundlich, 
Temkin and D-R models. It has been found that at 30°C favourable results of Zn(II) 
were obtained from all the models as compared to Cu(II) and Pb(II). The p value for 
all the metal ions and all the models at 30°C were also less than 0.05. 
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Table2.2. Adsorption isotherm parameters of Pb(II) and Zn(II) at different 
temperatures 
Isotherms 
Langmuir 
Freundlich 
Temkin 
D-R 
Parameters 
b(L/mg) 
qn, (mg/g) 
R2 
^ 
RSE 
p-value 
K 
n 
R^ 
-i: 
RSE 
p-value 
A 
B 
R^ 
-i 
RSE 
p-value 
qm (mol/g) 
K 
E (kJ/mol) 
R^ 
5^  
RSE 
p-value 
Pbgi) 
(40''C) 
0.0051 
47.7000 
0.9776 
0.0347 
0.0125 
<0.05 
1.8390 
1.0510 
0.9907 
0.0259 
0.0207 
<0.05 
1.2073 
0.6085 
0.9797 
0.0601 
0.3184 
<0.05 
0.00467 
6.210x10-' 
8.9730 
0.9925 
0 .0206 
0.0427 
<0.05 
Zngi) 
(30V) 
0.5410 
3.3310 
0.9741 
0.0041 
0.0102 
<0.05 
1.8270 
5.7490 
0.9637 
0.0058 
0.0140 
<0.05 
34.7300 
5.3659 
0.9687 
0.0044 
0.0808 
<0.05 
0.00008 
1.565x10-' 
17.8600 
0.9716 
0.0049 
0.0286 
<0.05 
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2.3.5. Thermodynamic study 
The effect of temperature on the adsorption of Pb(II) was studied at temperature 
ranging from 30-50"C. Thermodynamic parameters such as standard free energy 
change (AG''), standard enthalpy change (AH°) and standard entropy change (AS'') 
were estimated using the following relations [Namasivayam and Ranganathan, 1995] 
Kc = ^ (7) 
Where Kc is the adsorption equilibrium constant, CAC and Ce are equilibrium 
concentrations of Pb(II) on the adsorbent and in the solution, respectively. 
AG" =-RT\nK^ (8) 
Where AG° is free energy change, T is the temperature in Kelvin and R is the gas 
constant. 
, ^ AH' AS' 
\nK^ = + (9) 
RT R ^ ^  
Where AH° is enthalpy change and AS° is entropy change. Kc, R and T have usual 
meanings. 
AH° and AS*' were calculated from the slope and intercept of the plot of In Kc versus 
1/T (Figiu-e 2.8). The thermodynamic parameters are reported in Table 2.3. Values of 
free energy change AG" were negative confirming that adsorption of Pb(II) was 
spontaneous and thermodynamically favourable since AG became more negative 
with increase in temperature, indicating high driving force and resulted in higher 
adsorption capacity at higher temperature. The value of AH° was positive showing 
that adsorption process was endothermic in nature. A little but positive value of AS° in 
the temperature range 30-50°C suggested increased in randomness at the solid-
solution interface during adsorption [Namasivayam and Ranganathan, 1995] since 
some water molecules were dislodged during the adsorption of Pb(II) from the surface 
of the adsorbent that resulted increased randomness. 
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Table 2.3. Thermodynamic parameters for the adsorption of Pb(II) 
Temperature 
CO 
30 
40 
50 
Kc 
9.00 
10.11 
11.19 
AG° 
(kJ/mol) 
-5.50 
-6.00 
-6.43 
AH° 
(kJ/mol) 
5.60 
AS° 
(kJ/mol/K) 
0.036 
R^ 
0.9842 
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2.3.6. Adsorption kinetics 
The rate constants were calculated by using pseudo first order and second order 
kinetic models. The first order rate expression is given below [Lagergren, 1898] 
logfe-^J = - —t : ><^ +lo, 
2.323J '^ ^^ ^''^ 
Where qe is the amount of metal ions adsorbed per unit weight of adsorbent at 
equilibrium (mg/g), qt is the amount of Pb(II) adsorbed per unit weight of adsorbent at 
any given time t, Ki is the rate constant for pseudo first order model. A plot of log (qe-
qt) vs t gave straight line confirming the applicability of the pseudo first order rate 
equation (figure not shown). The values of Ki and qe (cal) were calculated firom slope 
and intercept of the linear plot of log (qe-qO versus t at various concentrations. The 
pseudo second order kinetic rate equation is given as [Ho and Mckay, 2000] 
t 1 1 
— = - 2-+—X? (11) 
^/ K,xq^ q^ 
Where h is the initial rate of adsorption (h = K2qe^ ) and K2 (g/mg/min) is the rate 
constant for the pseudo second order kinetic model. Straight line plot of t/qt vs. t 
indicated the applicability of pseudo second order model (Figure 2.9).The values of 
K2 and qe (cal) were calculated from the intercept and slope of the linear plots of t/qt 
versus t at various initial Pb(II) concentrations. Table 2.4 provides kinetics parameters 
determined from pseudo first order and pseudo second order models. It was found that 
qe values calculated from pseudo first order kinetic model qe (cal) differed appreciably 
from the experimental values qe (exp) showing that system did not follow pseudo first 
order model. In pseudo second order kinetic model the qe (cal) were very close to qe 
(exp) values at various initial Pb(II) concentrations as compared to pseudo first order 
model. The values of correlation coefficient (R )^ of pseudo first order also confirmed 
it which was lower than pseudo second order model, indicating that pseudo second 
order model was better obeyed by the system. 
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2.3.7. Adsorption of Pb(II) in presence of Cu(II) and Zn(II) 
Adsorption of Pb(II) in presence of Cu(II) and Zn(II) was studied by varying the 
concentration of Cu(II) and Zn(II) from 20-100 mg/L separately with fixed 
concentration of Pb(II) (50 mg/L). Adsorption of Pb(II) was unaffected in presence of 
Cu(II) and Zn(II) indicating that Pb(II) was adsorbed independently. However, 
adsorption capacities of Cu(II) and Zn(II) in presence of Pb(II) increased from 1.2 to 
5.6 mg/g and 1.7 to 5.4 mg/g respectively with increase in their initial concentration 
indicating that Pb(II), Cu(II) and Zn(II) were adsorbed independently. 
2.3.8. Adsorption of Pb(II), Cu(II) and Zn(II) in presence of various electrolytes 
The effect of various electrolytes on the adsorption of Pb(II), Cu(II) and Zn(ll) is 
reported in Table 2.5. These electrolytes did not affect the adsorption of Pb(II) except 
CaCb. Adsorption of Pb(II) was reduced to some extent in presence of CaCb which 
might be due the fact that Ca^^ ions were also adsorbed simultaneously via ion 
exchange because final pH (pHf) of the solution was decreased indicating the release 
of H^ ions from the adsorbent. Adsorption of Cu(II) on the other hand was affected in 
presence of Na2S04, MgCb and CaCl2. A decrease in pH in presence of these salts 
indicated that these ions were also adsorbed along with Cu(II) ions. Adsorption of 
Zn(II) was least affected by these electrolytes and pHf remained unaltered at 
equilibrium which might be due to specific adsorption of Zn(II) on coriander seeds 
powder. 
2.3.9. Breakthrough capacities of Pb(II), Cu(II) and Zn(II) 
Breakthrough curve is the most effective column process making the optimum use of 
the concentration gradient between the solute adsorbed by the adsorbent and that 
remaining in the solution. The column is operational until the metal ions in the 
effluent start appearing and for practical purposes the working life of the column is 
over called breakthrough point. This is important in process design because it directly 
affects the feasibility and economics of the process [Gupta et al., 2001). The 
breakthrough curves in single metal system (Figure 2.10) showed that 200 mL of 
Pb(II), 50 mL Cu(II) and 50 mL of Zn(II) could be passed through the column without 
detecting these metals in the effluent. The breakthrough capacities of Pb(II), Cu(II) 
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Figure 2.10. Breakthrough capacities (single metal 
system) 
and Zn(II) were found to be 20, 5 and 5 mg/g respectively. Figure 2.11 shows the 
breakthrough curves for multi-metal system containing Pb(II), Cu(II) and Zn(II). The 
breakthrough capacities of Pb(II), Cu(II) and Zn(II) were reduced to 5, 3 and 1 n\g/g 
respectively when a mixture of these metal ions (50 mg/L each) was passed through 
the colunm. The decrease in breakthrough capacity might be due to increased loading 
and limited adsorption capacity of the adsorbent. 
inn 
2.3.10. Desorption of Pb(II), Cu(II) and Zn(II) by column process 
In order to explore the functional and realistic usefulness of the adsorbent, desorption 
of Pb(II), Cu(II) and Zn(II) was carried out by column process using following 
systems. 
2.3.10. (a) Desorption from single metal system 
Excellent results were obtained when desorption studies of Pb(II), Cu(II) and Zn(II) 
were carried out in single metal system. It was found that a total 11.6 mg of Pb(II) 
was adsorbed (in breakthrough capacity experiment) before the column exhausted and 
11.2 mg was desorbed (96.5 %) by 0.1 M HCl solution within 10 mL fraction (Figure 
2.12). Similarly 3.4 mg of Cu(II) was adsorbed and 3.38 mg (99.4%) was recovered 
(Figure 2.13) within 30 mL. Figure 2.14 indicates that 2.54 mg of Zn(II) was adsorbed 
and 2.59 mg was recovered (100 %) within 30 mL effluent fraction. 
2.3.10. (b) Removal and recovery from multi metal system 
The desorption of Pb(II), Cu(II) and Zn(II) was also studied in multi-metal system and 
100 % desorption of Pb(II) and Cu(II) ions was possible. The maximum amount of 
Pb(II) adsorbed (in breakthrough capacity experiment for multi-metal system) was 
5.15 mg while desorption was 5.18 mg. Adsorption of Cu(II) was 3.2 mg and 3.0 mg 
was desorbed while 4.11 mg of Zn(II) was adsorbed and 3.6 mg was recovered. All 
these metal ions were recovered within 10 mL fraction with 0.1 M HCl solution hence 
this method can be utilized for the preconcentration and subsequent determination of 
these metal ions from a very dilute solution. 
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2.3.11. Analysis, removal and recovery of Pb(II) from battery manufacturing 
industry's wastewater 
The adsorbent was utilized for the removal and recovery of Pb(II) from battery 
manufacturing industry's wastewater by column operation. The wastewater collected 
from one of the Lead acid battery manufacturing industry in Aligarh (India) was 
analyzed (Table 2.6). The amount of Pb(II) adsorbed was 0.49 mg (100 %) and 0.48 
mg was recovered (97.95%) with 0.1 M HCl (Table 2.7). 
2.3.12. Preconcentration of Pb(II), Cu(II) and Zn(II) 
Solid phase extraction method was applied for the determination of Pb(II), Cu(II) and 
Zn(II) (2.25 mg/L each) in synthetic samples prepared in DDW as well as in tap 
water. Due to low concentration of trace metals in real samples, these analytes should 
be extracted in smaller volumes. Table 2.8 summarizes the results of preconcentration 
step using 0.1 M HCl as a desorbing reagent. It can be concluded that complete 
recovery (100%) of these metal ions was possible within 10 mL fraction of the 
effluent. 
2.3.13. Comparison of adsorption capacity with other adsorbents: 
Adsorption of Pb(II) on various adsorbents studied earlier by several authors. 
Adsorption capacity (maximum monolayer capacity) of coriander seeds was found to 
be higher or comparable to these adsorbents (Table 2.9). 
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Table 2.6. Analysis of battery manufacturing wastewater 
Parameters 
TDS 
Conductivity (mS) 
Pb(II) 
pH 
Na* 
r 
Ca "^ 
Temperatiire Cc) 
Concentration (mg/L) 
2780.00 
10.13 
4.90 
1.50 
35.00 
70.00 
24.00 
24.90 
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Table 2.9. Comparison of maximum adsorption capacities of various natural 
adsorbents 
Adsorbents 
Natural Jordanian 
Tree fern 
Black gram husk 
Jute 
Mango peel 
Maple sawdust 
Hazelnut shell 
Grape stalk waste 
Present study 
Vlaximum adsorption 
qm (mg/g) 
66.24 
39.80 
49.97 
17.18 
96.32 
3.19 
16.23 
49.9 
347.70 
capacity References 
Al-Degs et al.(2006) 
Ho et al. (2002) 
Saeed et al. (2005) 
Shuklaetal. (2005) 
Iqbal et al. (2009) 
Yu et al. (2000) 
Bulut et al. (2007) 
Martinez et al. (2006) 
107 
2.4. CONCLUSIONS 
Coriander seeds showed excellent potential for the removal of Pb(II), Cu(II) and 
Zn(II) from aqueous solution. Adsorption was pH dependent and maximum 
adsorption of these ions occurred in the pH range 4-6. Langmuir, Freundlich, Temkin 
and D-R isotherms were best obeyed at 40° C. All these results were significant as 
indicated by their p values. Thermodynamic parameters indicated that adsorption of 
Pb(II) was endothermic and spontaneous. Kinetic data showed the applicability of 
pseudo second order model. Presence of high concentration of Cu(II), Zn(II) and other 
electrolytes showed negligible effect on the adsorption of Pb(II) therefore maximum 
amount of Pb(II) could be removed from aqueous solution even in the presence of 
these ions. Desorption study showed 96-100 % recovery of Pb(II), Cu(II) and Zn(ll) 
in both single and multi- metal system. 100 % recovery of Pb(II) from lead acid 
battery manufacturing industry's wastewater was possible within small volume of 
effluent. Preconcentration of Pb(II), Cu(II) and Zn(II) prepared in DDW as well as tap 
water showed 100% recovery of these ions there fore it can be concluded that this 
technology can be utilized for the removal, recovery and preconcentration of Pb(II), 
Cu(II) and Zn(II) ions from very dilute solutions. 
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Chapter- 3 
Removal of Cr(VI) From 
Electroplating Wastewater Using 
Fruit Feel of Leechi {Litchi 
chinensis) 
3.1. INTRODUCTION 
Presences of heavy metals in water systems are hazardous to the environment and human 
heahh because they are easily bio-accumulated through the food chain. Heavy metals 
like copper chromium and zinc ingestion beyond permissible quantities causes various 
chronic disorders [Prakasham et al., 1999]. Chromium is one of the toxic substances 
which occur in aqueous systems in both trivalent {Cr(III)} and hexavalent form 
{Cr(VI)} [Nomanbhay and Palanisamy, 2005]. Chromium and its compounds are 
widely used in many industries such as metal finishing, dyes, pigments, inks, glass, 
ceramics and certain glues. It is also used in chromium tanning, textile, dyeing and 
wood preserving industries [Navasivayam and Ranganathan, 2005]. Cr(VI) is 
considered by lARC (International Agency for Research on Cancer) as powerful 
carcinogenic agent that modifies the DNA transcription process causing important 
chromosomic aberrations [lARC, 1982]. Cr(VI) is corrosive in nature and causes 
chronic ulceration and perforation of the nasal septum as well as chronic ulceration of 
the other skin surfaces. The mechanism of Cr(VI) carcinogenicity in the lung is 
believed to be its reduction to Cr(III) and generation of reactive intermediates. The 
maximum acceptable limit for the total chromium in drinking water recommended by 
World Health Organization is 0.05mg/L [WHO, 2004]. 
A number of techniques are available for the removal of chromium fi-om industrial 
wastewaters like ion-exchange, precipitation, membrane filtration, and solvent-
extraction with amines, electro-deposition and various biological processes [Mohan et 
al., 2005, Tiravanti et al., 1997, Kozlowski and Walkwiak, 2002, Kongsricharoem 
and Poolprasert, 1996, Testa et al., 2002, Gupta et al., 2001]. These methods have 
certain draw-backs like high capital and operational cost and lack of skilled personnel 
problem. Adsorption is a versatile treatment technique practiced widely in fine 
chemical and process industries for wastewater treatment. Nowadays various low cost 
adsorbents such as agriculture wastes and activated carbon prepared from agriculture 
wastes have been used for the removal of toxic metals fr'om aquatic environment 
[Muhammad et al., 2011, Marzouk et al., 2001, Talhi et al., 2010, Aydin and 
Yerlikaya, 2010, Zhang et al., 2010], Lichen {Parmilina tiliaceae) [Uluozlu, 2008], 
banana peel [Memon et al., 2009], tamarind seeds [Acharya et al., 2009], pomegranate 
husk carbon [Nemr, 2009], sunflower {Helianthus annuus) stem [Jain et al., 2009], 
rice straw [Gao et al., 2008], Ficus religiosa leaf powder [Goyal and Shrivastava, 
HI 
2008], spent activated clay [Weng et al, 2008] have been studied during the past tvv^o 
decades as new adsorbents for the removal of Cr(VI) from water and wastewater. 
In present study fruit peel of Litchi chinensis has been used as a new low cost 
adsorbent for the removal of Cr(VI) from wastewater. Leechi tree (Litchi chinensis) 
belongs to Sapindaceae family and is a tropical and subtropical fruit tree native to 
China. It is evergreen, reaches 10-20 m in height and found in northern parts of India 
especially in state of Bihar. The Leechi fruit is 2 inch long and 1.5 inch wide and 
contains white fleshy edible portion, surrounding the dark brown inedible seed. The 
fruit cover with thin, tough inedible skin is green when immature, ripening to red or 
pink-red, and is smooth or covered with small sharp protuberances. The fruition 
period is from April to June. Ingested in moderate amoimts, the Leechi is said to 
relieve coughing and to have a beneficial effect on gasfralgia, tumors and 
enlargements of the glands. Leechi roots have shown activity against one type of 
tumor in experimental animals in the United States Department of 
Agriculture/National Cancer Institute Cancer Chemotherapy Screening Program. 
Leechi fruit pericarp extract have anticancer activity against human breast cancer 
[Wang et al., 2006]. The effect of various parameters such as pH, contact time, 
adsorbent amount and initial Cr(VI) concentration were studied and discussed in 
detail in the following sections. 
3.2. MATERIALS AND IMETHODS 
3.2.1. Adsorbent 
Fruits peel of Leechi were collected and washed with double distilled water (DDW) 
for several time to remove dirt and dust particle and finally dried in air oven at 60''C 
for 24 h. After drying, the adsorbent was crushed and sieved through 100-300 |am and 
used as such. 
3.2.2. Adsorbate: Chromium (VI) solution 
Stock solution of Cr(VI) was prepared (1000 mg/L) by dissolving the appropriate 
amount of KaCraO; (AR grade) in double distilled water (DDW). 
3.2.3. Point of zero charge (pHpzc) 
Solid addition method [Lataye et al., 2006] was used to determine zero surface charge 
characteristics of the Leechi finiit peel. 40 mL of 0.1 N KNO3 solution was transferred 
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to a series of 250 mL conical flasks. The initial pH (pHo) of the solutions was roughly 
adjusted between 2 to 8 by adding either O.IN HCl or O.IN NaOH. The total volume 
of the solution in each flask was adjusted exactly to 50 mL by adding KNO3 of the 
same strength. Initial pH (pHo) of the solutions was then accurately noted with the 
help of pH meter. 0.5 g of sorbent was then added to each flask and allowed to 
equilibrate for 24 h with intermittent manual shaking. The final pH (pHf) of the 
supernatant liquid was noted. The difference between the initial pH (pHo) and final 
pH (pHf) values (ApH = pHo - pHf) were plotted against pHo. The point of intersection 
of the resulting curve with abscissa, at which ApH=0, gave pHpzc. 
3.2.4. Adsorption studies 
The batch experiments were carried out in 250 mL conical flask by agitating 0.5g of 
adsorbent with 50mL of Cr(Vl) solution of desired concentration for 24 h. The 
adsorbent was separated fi-om the solution using Whatman fllter paper No 41 and 
final concentration of metal ions was determined in the filtrate by atomic adsorption 
spectroscopy (AAS) (Model GBC 902, Australia). The amount of metal ions adsorbed 
was then calculated by subtracting the final concentration from initial concentration 
[Chandetal.,2009]. 
3.2.5. Effect of pH 
The effect of pH on tiie adsorption of Cr(VI) ions was studied by using 100 mL of 
Cr(VI) solution with known initial concentration and adjusted its pH from 2 to 10 by 
adding O.IN HCl or NaOH solution in a series of beakers. 50 mL of this solution was 
taken in a series of conical flasks and treated with 0.5g of adsorbent. The suspensions 
were shaken at room temperature for 24 h in shaker incubator and the amount of 
chromium adsorbed was determined after filtration by AAS. 
3.2.6. Effect of time 
Kinetics studies were carried out by shaking the adsorbent (0.5g) with 50mL of 
chromium solution (10, 20, 50, 60, 80 and 100 mg/L) at room temperature for the 
predetermined intervals; the solution of the specified flask was taken out and filtered. 
The concentration of Cr(Vr) in the filtrate was determined by AAS and the amount of 
Cr(VI) adsorbed in each case was then calculated as described above. 
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3.2.7. Effect of adsorbent dose 
The effect of adsorbent dose on the adsorption of Cr(VI) ions was performed by 
shaking various adsorbent doses (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 0.9 and Ig) with 50 
mL of Cr(VI) solution of 50 mg/L initial concentrations for 24 h at 30°C, individually, 
which means every Cr(VI) concentration should test by shaking with all the above 
doses of adsorbent. The solutions were then filtered and amount of Cr(VI) adsorbed in 
each case was calculated as described above. The same procedure was repeated at 40 
and SO^ C. 
3.2.8. Breakthrough capacity 
0.5g of adsorbent was placed in a glass column (0.6cm internal diameter) with glass 
wool support. 1 Litre of Cr(Vl) solution prepared with 50 mg/L initial concentration. 
The pH of the solution was adjusted to 2 and passed through the column at flow rate 1 
mL/min. The effluent was collected in 50 mL fractions and the amount of Cr(VI) was 
determined in each fi-action (C) with the help of AAS. The breakthrough curve was 
obtained by plotting C/Co verses volume of effluent. 
3.2.9. Analysis of electroplating wastewater 
The electroplating wastewater was collected from one of the lock factory in Aligarh. 
The pH of electroplating wastewater was found to be 5.6 at the time of collection. 
Presence of heavy metals ions in the wastewater were determined by AAS. The 
amount of Total dissolved sahs (TDS) was determined by evaporating 100 mL 
wastewater in a china dish. 
3.2.10. Treatment of electroplating wastewater by batch process 
The electroplating wastewater showed high concentration of Cr(VI) (114 mg/L). It 
was diluted and pH was adjusted to 2 before treatment then 50 mL wastewater was 
added to a series of conical flasks (250 mL) and treated with increasing adsorbent 
dose (0.2 -1.0 g). The flask were shaken in a shaker incubator for 24 h and then 
filtered. The amount of Cr(VI) remained unabsorbed was determined by AAS. The 
amount of Cr(VI) removed was then calculated by subtracting final concentration 
from initial concentration. 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Characterization of adsorbent 
FTIR spectra of Leechi fruit peel before and after Cr(VI) adsorption are shown in 
Figure 3.1a and 3.1b respectively. The band at 3403 cm"' was due to bounded 
hydroxyl (-0H) and amine (-NH) groups. The band at 2922.4 cm'' was due C-H 
vibrations of aliphatic acid [Iqbal et al., 2009]. The peak observed at 2361.84 could be 
assigned to vibration of C-H groups. The two peaks at 1435 and 1630.2 cm"' indicated 
the presence of COO and C=C groups. The peak at 1375.7 and 1264.4 cm"' were due 
to aliphatic C-H and amide groups [Iqbal et al., 2009]. The peak at 898.6 cm"' 
represented C-H stretching of alkenes. The change in the position of peaks due to C-
O, C=C, COO and M-0 (from 453 to 461 cm"') indicated the interaction of Cr(VI) 
with these binding sites (Table 3.1). 
3.3.2. Effect of initial concentration, contact time and doses 
The initial concentration of metal provides an important driving force to overcome all 
mass transfer resistance of metal ions between the aqueous and solid phases. Hence, a 
higher initial concentration of Cr(VI) will increase the adsorption rate. The 
relationship between contact time and Cr(VI) adsorption at different initial 
concentration (10-100 mg/L) at pH 2 is shown in Figure 3.2. Adsorption increased 
rapidly at initial stage and then gradually reached towards equilibrium. The contact 
time needed for Cr(VI) solutions with initial concentrations of 10 and 20 mg/L to 
reach equilibrium was found to be 20 and 30 min while solutions with initial Cr(VI) 
concentrations of 50, 60, 80 and 100 mg/L needed more than 30 min to attain 
equilibrium. The fast adsorption at the initial stage was probably due to increased 
concentration gradient between the adsorbate in the solution and adsorbate in 
adsorbent, followed by slower internal mass transfer within the adsorbent particles. 
The adsorption capacity of Cr(VI) at equilibrium was found to be 0.23, 1.04, 2.5, 3.6, 
5.0 and 6.7 mg/g respectively at 10, 20, 50, 60, 80 and 100 mg/L initial Cr(VI) 
concentrations. The effect of adsorbent dosage (Figure 3.3) at 30°C indicated 
increased adsorption from 68 to 93.4 % and decrease in adsorption density from 17 to 
2.33 mg/g at pH 2 which might be attributed to increased surface area of the adsorbent 
and availability of more adsorption sites due to increased amount of adsorbent. 
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wave numbers (cm-1) 
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Figure 3.1 (a) FTIR of Lichi fruit peel before adsorption, (b) after Cr(VI) adsorption 
Table 3.1. FTIR peak values for different functional groups present in 
fruit peel of Leechi before and after adsorption 
Functional 
groups 
- OH (water) 
Aliphatic C-H 
C-H vibration 
C = C 
c o o -
phenolic OH 
Amide groups 
C-H bending 
C-0 
Alkenes 
C-H stretching 
Bending mode of 
aromatic compound 
Metal -0 
Before 
adsorption 
Wave 
number(cm'^ ) 
3403.58 
2922.5 
-
1630.24 
1435.41 
1375.7 
1264.44 
-
1053.7 
898.63 
-
544.76 
453.31 
After Cr(VI) 
Adsorption 
Wave 
number(cm"') 
3407.56 
2922.47 
2361.84 
1642.17 
1427.46 
1320.10 
1260.46 
1105 
1033.82 
898.63 
668.02 
520.90 
461.26 
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However the effect of the temperature was not much significant at 40 and 50°C above 
0.5 g adsorbent dose. 
3.3.3. Effect of pH 
The adsorption of Cr(VI) at various controlled pH values is represented in Figure 3.4. 
Adsorption increased from 54 to 96% when pH decreased from 10 to 2.The increase 
in Cr(VI) removal with decrease in solution pH was also observed on peat [Dean and 
Tobin, 1999], fungal biomass [Prakasham et al., 1999] and bacterium biomass [Saga 
and Kutsal, 1989]. At optimal acidic condition (pH 2), the dominant species of 
Cr(VI) ions in solution are HCr04', Cr207^Cr30io '^ and Cr40i3 '^ [Liao et al., 2008]. 
These anionic species could adsorb on protonated active sites of the adsorbent, though 
at highly acidic pH (pH =1), Cr(VI) anions are likely to get reduced to Cr(III) ions 
which due to electrostatic repulsive forces, are poorly adsorbed [Baran et al., 2007]. 
At very low pH values, the surface of the adsorbent is surrounded by hydronium ions 
which enhanced the Cr(VI) interaction with binding sites of adsorbent by greater 
attractive forces [Ucim et al., 2002]. Figure 3.4 also showed how equilibrium pH or 
final pH changed after Cr(VI) adsorption. When initial pH of the solution was 
adjusted to 2, there was no change in the final pH indicating that surface of the 
adsorbent remained protonated due to high concentration of HT ions hence adsorption 
of Cr(VI) was maximum at this pH due to electrostatics attraction. However, when 
initial pH was adjusted to 4, the final pH increased to 6, perhaps due to exchange of 
Cr(VI) ions with OH' ions and adsorption of Cr(VI) decreased slightly from 96 to 
88% but when initial pH was adjusted to 6, the final pH became almost constant 
(6.45) which might be due to complete exchange of OH". The surface therefore 
became less protonated and caused fiirther decrease in Cr(VI) adsorption (72% at pH 
6). Further increase in initial pH results a decrease in final pH due to release of H"^  
ions from the adsorbent and % adsorption of Cr(VI) decreased fiirther at and above 
pH 8. It has also been observed that % adsorption of Cr(VI) was strongly affected in 
presence of high concentration (O.IM NaCl) of electrolyte. Figure 3.5 indicated that 
there was no common point of intersection of the two curves (0.1 M NaCl and DDW) 
at ApH = 0, hence second charge reversal could not be considered as pHpzc. 
However, AH values at pH=2 was not affected in presence of electrolyte (0.1 M 
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NaCl) therefore first charge reversal observed at pH~ 1.7 (calculated by extrapolation 
of the two curves) may be considered as pHpzc [Babic et al., 1999]. The surface of 
the adsorbent is positive at pH< pHpzc, neutral at pH = pHpzc and negative at 
pH>pHpzc and therefore adsorption of Cr(VI) was maximum at pH 2 due to 
electrostatic attraction between positively charged surface and negatively charged 
Cr(VI) ions. 
3.3.4. Adsorption isotherms 
Several models have been used by researchers to describe the experimental data. The 
Langmuir and Freundlich models are the most frequently employed models [Ajmal et 
al.,2001]. 
The Langmuir isotherm is applicable when the extent of adsorbate coverage is limited 
to one molecular layer. The linear form of this isotherm equation may be represented 
as 
1 1 1 1 
— = X — + (1) 
Where qe is the amount adsorbed on the unit mass of the adsorbent (mg/g) when the 
equilibrium concentration is Ce (mg/L), qm is the quantity of adsorbate required to 
form a single monolayer on the unit mass of adsorbent (mg/g), qe is the amount of 
metal ions adsorbed per unit weight of adsorbent and b is related to bonding energy 
associated with pH dependent equilibrium constant. Plots of 1/qe verses 1/Ce at 30°, 
40° and 50°C gave straight lines (Figure not shovra) and values of b and qm were 
calculated from the slope and intercept of the plots. The values of b and qm at different 
temperatures are reported in Table 3.2. A chi-square test (x^ ) was also applied to this 
model. The advantage of x^  test is that qe(cai) from the model and qe determined 
experimentally qe(exp) can be compared on the same abscissa and ordinate [Ho, 2004]. 
If data from model were similar to the experimental data, x^  would be small and vice 
versa. Values of x^  were calculated using the following relation. 
_ZWP)-^V))' 
^%al) 
x' = (2) 
120 
The least x^  value and high regression coefficient (R^ > 0.977) indicated that 
Langmuir model was best fitted at 40°C (Table 3.2). 
Freundlich isotherm was proposed by H.M.F.Freundlich in 1906 for multilayer 
adsorption from solution. The linear form of the Freundlich isotherm is expressed as 
follows 
log^, =logi<:^+-logQ (3) 
Where, Kf is the Freundlich constant, which indicates the relative adsorption capacity 
of the adsorbent related to bonding energy and n is the heterogeneity factor 
representing the deviation from linearity of adsorption and is also known as 
Freundlich coefficient. Plots of log qe verses log Ce generated straight lines at 30", 
40° and 50°C and values of n and Kf were calculated fi-om the slope and intercept of 
these plots (Table 3.2). The least value of y^ and high correlation coefficient (R^ = 
0.967) at 40'^ C indicated that Freundlich isotherm was also obeyed at 40°C. 
A further analysis of the Langmuir equation can be made on the basis of a 
dimensionless equilibrium parameter, RL, also known as the separation factor, given 
by equation (4) 
R — J _ 
(l+*xC„) 
Where b is the Langmuir constant and Co is the initial concentration of Cr(VI) 
(mg/L). RL value predicts the shape of the isotherm. If RL >1 unfavorable, RL = 1 
linear, 0< RL <1 favorable and RL = 0 for irreversible adsorption [Ghodbane et al., 
2008]. The RL values at 30°, 40° and 50°C are shown in Table 2. The values of RL in 
the range 0-1 at 40° showed favorable adsorption of Cr(VI). The maximum monolayer 
adsorption capacity of Leechi fhiit peel for Cr(VI) was compared with other 
adsorbents, reported earlier (Table 3.3). The adsorption capacity of Leechi fruit peel 
was comparable or higher than those reported in the literature [Gupta et al., 2001, 
Alaerts, 1989, Tan et al., 1993, Dakiky, 2002, Selvaraj et al., 2003, Orhan and 
Buyukgungur, 1993, Deneshver et al., 2002, Babu and Gupta, 2008, Rao and Rehman, 
20J0J, 
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Temkin isotherm equation contains a factor that takes into account of the adsorbent-
adsorbate interactions. The linear form of Temkin equation can be represented as 
[Baran et al., 2007]. 
q^=\—-\x\nA+ -— x lnC, (5) 
V * ; V 
Where Bt = (RT/bt), and R is universal gas constant, T is absolute temperature and bt 
is another constant. At (g/L) and Bt are Temkin constants related to adsorption 
potential and heat of adsorption. The values of At and Bt were calculated from the 
slope and intercept of the plot of qe versus In Ce (Table 3.2). 
Dubinin and Radushkevich [Dubinin and Radushkevich, 1947] have proposed another 
isotherm which can be used to analyze the equilibrium data. It is also applied to 
estimate the mean free energy of adsorption (E), to predict the physical or chemical 
nature of the adsorption process. The D-R equation may be given as 
\nq,=lnq„-/?s' (6) 
Where qe is the adsorption capacity (mol/g) and qm is the maximum adsorption 
capacity (mol/g), p is the activity coefficient constant and e is the polyanyi potential 
which is given as 
, = « r in ( l + ^ ) (7) 
Where R is the gas constant (kj/mol) and T is the temperatvire in Kelvin. Ce is the 
equilibrium concentration (mol/L). The values of qm and P were be obtained from the 
intercept and slope of the linear plot of In qe verses 8^  at different temperatures 
(Figure 3.6). The mean free energy of adsorption E was be calculated from the 
following equation 
E = // ^ . (8) 
The D-R parameters and mean free energy along with correlation coefficients (R )^ are 
given in Table 3.2. The values of E obtained were in the energy range of chemical 
adsorption [Helfferich, 1962]. 
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Table 3.3. Comparison of the adsorption capacities for Cr(VI) onto various 
adsorbents 
Adsorbent 
Spirogyra sp 
Coconut shell based activated carbon 
Palm pressed-fibers 
Almond 
Distillery sludge 
Walnut shell 
Soya cake 
Cactus 
Pine needle 
Activated neem leaves 
Ficus glomerata 
Litchi chinensis 
Adsorption capacity 
(mg/g) 
14.70 
20.00 
5.00 
10.00 
5.70 
1.33 
0.28 
7.08 
21.5 
62.97 
46.73 
101.10 
Reference 
V.K. Gupta etal., 2001 
G.J.Alaertsetal., 1989 
Tan etal., 1993 
Dakiky et al., 2002 
K. Selvaraj et al., 2003 
Orhan and 
Buyukgungur, 1993 
Deneshver et al., 2002 
Dakiky et al., 2002 
Dakiky et al., 2002 
Babu and Gupta, 2008 
Rao and Rehman, 2010 
Present study 
3 
2.5 
2 
o 
| 1 . 5 
1 
0.5 
0 
( 
• 
* VV^ 
^ ^ s . • 
W" ^ ^^  
• \ •v ^ S . 
• 30C 
• 40C 
A50C 
i 
1 
\ • \ ^s^ 
> 5000000 10000000 15000000 20000000 25000000 
£^ 
Figure 3.6 D-R isotherm 
124 
3.3.5. Thermodynamic studies 
Thermodynamic parameters such as standard free energy (AG*'), enthalpy (AH°) and 
entropy (AS°) change of adsorption can be evaluated from the fr)llowing equations (9, 
10). The temperature range used in this study was 30°-50°C.The equilibrium constants 
(Kc) at 30°, 40° and 50°C were calculated from the following relation [Namasivayam 
and Ranganatham, 1995]. 
Kc = ^ («' 
C. 
Where Kc is the equilibrium constant and CAC and Ce (both in mg/L) are equilibrium 
concentrations for solute on the absorbent and in the solution respectively and T is the 
absolute temperature and R is gas constant. The Kc values obtained from equation (9) 
at different temperatures were used to determine AG°, AH° and AS° by using the 
following relations. 
^G'' =-RT\nK^ (10) 
, ^ ^H' AS' 
\nK= + (11) 
RT R ^ ^ 
AS° and AH° were calculated from the slope and intercept of linear plot of In Kc 
verses 1/T (Figure 3.7). The values of Kc, AH°, AS°and AG° are reported in Table 3.4. 
The positive values of AH° indicated that process was endothermic, the negative 
values of AG° indicated the spontaneous nature of the process and more negative 
value with increase of temperature showed that an increase in temperature favored the 
adsorption process. The positive value of AS° suggested increase randomness at the 
solid-liquid interface during adsorption. 
125 
1.6 
1.4 
1.2 
1 
^ 0.8 
0.6 
0.4 
0.2 
0.0029 0.003 0.0031 0.0032 0.0033 0.0034 
1/T 
Figure 3.7 Van'tHoff plot 
Table 3.4. Thermodynamic parameters for the adsorption of Cr(VI) at pH 2 
Temperature 
(°C) 
30 
40 
50 
Kc 
14.15 
22.8 
32.33 
(kJ/mol) 
-6.67 
-8.14 
-9.32 
AH° 
(kJ/mol) 
21.88 
AS° 
(kJ/mol/K) 
0.0941 
R^  
0.9884 
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3.3.6. Adsorption kinetics 
Adsorption kinetics is important from the point of view that it controls the efficiency 
of the process and the models correlate the adsorbate uptake rate with its bulk 
concentration. In order to analyze the adsorption rate, the kinetic data were modeled 
using Lagergren pseudo-first-order [Shannessy and Winzor, 1996] and pseudo-second 
-order [Ho and Wang, 2004] equations. The pseudo-first-order expression is given by 
equation. 
f K ^ 
l 0 g ( ^ e - ^ r ) = - | ^ ^ | x ^ + l 0 g ^ . (12) 
Where qt and qe are the amoimts of Cr(VI) adsorbed (mg/g) at time t and at 
equilibrium, respectively , and Ki (min'') is the pseudo-first-order adsorption rate 
constant. Linear plots of log (qe - qO verses t were observed at different initial Cr(VI) 
concentrations (Figure not shovm). The regression coefficients (R )^ and rate constants 
at various concentrations are reported in Table 3.5. The pseudo-second-order 
adsorption kinetics rate equation is given as. 
t 1 1 
— = —+ — x t 
h = K2 X c[i 
(13) 
Where h is the initial adsorption rate (mg/g/min) 
K2 (mg/g/min) is the adsorption rate constant for pseudo-second-order reaction. The 
values of K2 were calculated from the slope of the linear plots of t /qt verses t (Figure 
3.8). These values are reported in Table 3.5. A comparison of the experimental 
adsorption capacities qe(exp) and calculated values qe(cai) obtained from Equation (12) 
and (13) showed that pseudo-second order model was better obeyed than pseudo-first 
order. 
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3.3.7. Breakthrough capacity 
The performance of a packed bed is obtained through the concept of breakthrough 
curve. The time for breakthrough appearance and the shape of the curve are important 
characteristics for determining the operation and dynamic response of an adsorption 
column. It is the most effective column process making the optimum use of the 
concentration gradient between the solute adsorbed by the adsorbent and that 
remaining in the solution. The column is operational until the metal ions in the 
effluent start appearing and for practical purposes the working life of the column is 
over called breakthrough point. This is important in process design because it directly 
affects the feasibility and economics of the process [Volesky, 2003]. Figure 3.9 
showed breakthrough curve when a solution containing 50 mg/L Cr(VI) was passed 
through the column packed with 0.5g adsorbent at pH 2. The curve indicated that 300 
mL of Cr(VI) solution could be passed through the column without detecting Cr(VI) 
in the effluent. The breakthrough capacity and exhaustive capacities were found to be 
30 and 50 mg/g respectively. 
3.3.8. Removal of Cr(yi) from electroplating wastewater 
The analysis of electroplating wastewater (Table 3.6) showed high concentration of 
Cr(VI). Therefore wastewater was diluted properly to bring down Cr(VI) 
concentration from 114 to 11.4 mg/L before treatment. Figure 3.10 showed increased 
removal of Cr(VI) with increasing adsorbent dose. It can be concluded that Ig 
adsorbent was sufficient to remove 83.3 % Cr(VI) from electroplating wastewater. 
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Table 3.6. Analysis of electroplating wastewater 
Parameters 
PH 
TDS 
Cu(II) 
Ni(II) 
Cr(VI) 
Temperature 
Concentration 
(mg/L) 
5.60 
700.00 
1.50 
1.20 
114.00 
40°C 
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Figure 3.10 Removal of Cr(VI) from elecroplating 
wastewater by batch process 
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3.4. CONCLUSIONS 
The present investigation shows that fruit peel of Leechi (Litchi chinensis) is an 
effective adsorbent for the removal of Cr(VI) from water and electroplating 
wastewater. The adsorption properties have been explored using batch process. The 
adsorption process is pH dependent and the optimum pH was 2.0. Thermodynamic 
parameters indicate endothermic and spontaneous nature of adsorption. The mean free 
energy value shows that adsorption is chemical in nature. Langmuir and Freundlich 
isotherm models were better obeyed at 40°C as indicated by regression coefficient and 
chi-square test values. The kinetic data proved that pseudo-second-order kinetics is 
applicable model since qe values calculated from the model are very close to qe 
determined experimentally. The analytical applicability has been demonstrated by 
removing 83.3% Cr(VI) from electroplating wastewater by batch process hence fruit 
peel of Leechi can be utilized to reduce Cr(VI) concenfration from electroplating 
wastewater before its disposal. 
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Chapter- 4 
Adsorptive Removal of Cd(II) 
From Aqueous Solution Using 
Seeds of Bottle Brush Plant 
{Callistemon chisholmii) 
4.1. INTRODUCTION 
Heavy metals are known for their non degradability and toxicity. It is therefore 
essential to control their discharge into water bodies and natural streams. For this 
reason, it is significant to focus the attention on the development of improved friendly 
methods for heavy metal removal. Among these heavy metals, cadmium is highly 
toxic and non essential metal that is released into the environment by various ways 
such as photographic development, ceramic, alkaline batteries and electroplating and 
metal plating works [Mohapatra and Anand, 2007]. Occupational levels of cadmium 
exposure are a risk factor for chronic lung disease and testicular degradation [Benoff 
et al., 2000]. Cadmium can also damage some specific structure of the fimctional units 
of the kidney [Satarug et al., 2000]. The permissible limit of cadmium in drinking 
water is 0.003 mg/L. Various techniques are in use for the removal of heavy metals 
fi-om the industrial discharge but adsorption technology has been foimd to show high 
efficiency in detoxifying effluents [Kenduzler and Turker, 2005]. Adsorption utilizes 
the ability to accumulate heavy metals from wastewater by either metabolically 
medium or physiochemical pathway of uptake [Fourest and Roux, 1992]. Various 
agricultural waste materials such as silk cotton hull [Shanmugavalli, 2006], neem bark 
[Naiya et al., 2009], eucalyptus bark [Sarin and Pant, 2006], plant root tissue [Chen et 
al., 1996], leaf, stem and root phytomass of Quercus ilex L. [Pracad and Freitus, 
2000], Azadirchta indica bark [King et al., 2008], plant wastes [Ngah and Hanafiah, 
2008], sawdust of deciduous trees [Bozic et al., 2009], papaya wood [Saeed et al., 
2005], tree fern [Ho and Wang, 2004], rubber {Hevea brasiliensis) leaf powder [Ngah 
and Hanafiah, 2009], cogon grass (Jmperata cylindricd) [Hanafiah et al., 2010] etc. 
have already been utilized for the removal of Pb(II), Zn(II), Cd(II), Cu(II), Ni(II), 
Fe(II) metal ions. Bottle brush plants {Callistemon chisholmii) are medium size trees 
or bush with flowers that resemble a bottlebrush because of their cylindrical brush 
like flower. This plant belongs to Callistemon species and Myrtaceae family and 
mostly foimd in the temperate region of Australia. Flowering of bottlebrush is 
normally spring and early summer. Flower head are mostly red in color but some are 
green, yellow or white. Each of them produces a triple celled seed capsules around the 
stem. This work has been undertaken to explore the adsorption behaviour of 
bottlebrush seed capsules towards Cd(II) ions. 
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4.2. MATERIALS AND METHODS 
4.2.1. Preparation of the adsorbent 
Seed capsules of bottlebrush were crushed, sieved and washed with double distilled 
water (DDW) to remove dust and dirt etc. Capsules were dried and then sieved to 
150-300 urn size. 
4.2.2. Adsorbate solution 
Stock solutions of Cd(II) as well as other metal ions were prepared (1000 mg/L) by 
dissolving desired quantity of their nitrate salts (A.R. Grade) in DDW while Cr(VI) 
solution was prepared by dissolving desired quantity of K2Cr207. 
4.2.3. Adsorption studies 
Adsorption studies were carried out by batch process. 0.5 g of adsorbent was placed in 
a conical flask in which 50 mL solution of Cd(II) of desired concentration was added 
and the mixture was shaken in temperature controlled shaker incubator for 24 h. The 
mixture was then filtered using Whatman filter paper no. 41 and final concentration of 
metal ion was determined in the filtrate by Atomic absorption spectrophotometer 
(AAS). The amoimt of Cd(II) was calculated by subtracting final concentration from 
initial concentration. 
4.2.4. Effect of pH 
The effect of pH on the adsorption of Cd(II) was studied by batch process. 100 mL of 
metal solution (50 mg/L) was taken in a beaker. The desired pH of the solution was 
adjusted by adding dilute solution of 0.1 N HCl and 0.1 N NaOH. The concentration 
of Cd(II) in this solution was then determined (initial concentration). 50 mL of this 
solution was taken in a conical flask and treated with 0.5 g adsorbent and after 
equilibrium the final concentration of metal ions was determined.The point of zero 
charge was determined by solid addition method [Lataye et al., 2006] as described in 
earlier chapters. 
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4.2.5. Effect of time and initial concentration 
Effect of time on the adsorption of Cd(II) was determined by analyzing the residual 
Cd(II) in the liquid after contact period from 5 to 240 min. Experiments were 
performed using batch process at room temperature. 0.5 g adsorbent was added to 50 
mL solution of various initial concentrations of Cd(II) (50-80 mg/L). Samples were 
withdrawn from conical flasks after specified time interval and analyzed for residual 
metal content. 
4.2.6. Effect of electrolytes 
The effect of various electrolytes such as CaCb, NaHCOa, NaCl, MgCb as well as 
HCl on the adsorption of Cd(II) was investigated. In these experiments, 50 mL 
solution (50 mg/L) Cd(II) ions prepared in the above electrolyte were treated with 0.5 
g of adsorbent. The amount of Cd(II) adsorbed in presence of these electrolytes were 
then determined as described earlier. 
4.2.7. Effect of adsorbent dose 
A series of 250 mL conical flasks each containing 50 mL of Cd(II) solution of 50 
mg/L concentration were treated at 30°C with varying amovmt of adsorbent (0.1-1.0 
g). The flasks were shaken in a shaker incubator and after equilibrium, the solution 
were filtered. The amount of Cd(II) in the filtrate was then determined. The amount of 
Cd(II) adsorbed in each case was then calculated as described above. The same 
procedure was repeated at 40°C and 50°C. 
4.2.8. Breakthrough capacity 
0.5 g adsorbent was taken in glass column with glass wool support. 500 mL of Cd(II) 
solution with 50 mg/L initial concentration (Co) was passed through the column with 
flow rate at 1 mL/min. The effluent was collected in 50 mL fi-actions and the amount 
of Cd(II) (C) was determined in each fi-action by AAS. The breakthrough capacity 
curve was obtained by plotting C/Co versus volume of the effluent. 
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4.3. RESULTS AND DISCUSSION 
4.3.1. Characterization of adsorbent 
4.3.1. (a) Adsorption of metal ions 
The % adsorption of Pb(II), Cu(II), Ni(II), Cd(II) and Cr(VI) is shown in Figure 4.1. 
The efficiency of adsorption was in order of Cd(II)>Pb(II)>Cu(II)>Cr(VI)>Ni(n). 
The % adsorption of Cd (II) was found to be maximum hence adsorption properties of 
Cd(II) were investigated in details. 
4.3.1. (b) Fourier transforms infrared spectroscopy (FTIR) analysis 
The pattern of adsorption of metals onto plant materials is attributable to the active 
groups and bonds present on the adsorbent surface [Krishnani et al., 2008]. FTIR 
spectra of native and after adsorption of metal were recorded. The major fimctional 
groups present in native bottlebrush seed capsules responsible for Cd(II) adsorption 
were identified and are reported in Table 4.1. Peaks appearing in the FTIR spectra of 
native bottlebrush were assigned to various groups. The peak at 3421 cm"' was 
assigned to the 0-H group due to inter and intra molecular hydrogen bonding. The 0-
H stretching vibrations indicating the presence of free hydroxyl groups and bonded O-
H bands of carboxylic acids [Gnanasambandam and Protor, 2000]. The band at 2923 
cm'' indicates symmetric or asymmetric C-H stretching vibration of aliphatic acids 
[Li et al, 2007]. The peak at 2856 cm'' was the symmetric stretching vibration of CH2 
due to C-H bonds of aliphatic acids [Guibaud et al., 2003]. Peak observed at 1736 cm' 
' is the stretching vibration of C=0 due to non ionic carboxyl groups (-COOH, -
COOCH3) and may be assigned to carboxylic acids or their esters [Li et al., 2007]. At 
1649 cm'' an asymmetric and symmetric vibration of ionic carboxyl groups (-C00") 
has appeared. The peak at 1372 cm"' may be assigned to symmetric stretching of-
COO" [Farinella et al., 2007]. 1036 cm'' can be assigned to stretching vibration of C-
OH of alcoholic groups and carboxylic acids [Guibaud et al., 2003]. FTIR spectra of 
Cd(Il) adsorbed bottlebrush showed that the peaks at 3421, 2923, 2856, 1736, 1649, 
1372 and 1036 cm'' were shifted respectively to 3416, 2924, 28650, 1739, 1643, 1370 
and 1050 cm'' due to Cd(II) interaction with these groups (Table 4.1). 
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Table 4.1. Assignment of bands to functional groups on the adsorbent surface as 
observed from FTIR spectroscopy 
Bottle brush seed 
capsules (cm'') 
3421.80 
2923.40 
2856.16 
1736.76 
1649.74 
1372.86 
1036.64 
Bottle brush seed capsules 
after Cd(II) adsorption (cm'') 
3416.52 
2924.13 
2860.08 
1739.19 
1643.11 
1370.89 
1050.64 
Functional groups 
0-H group 
C-H stretching 
CH2 stretching 
C=0 vibration 
-COO' group 
-COO" stretching 
C-OH stretching 
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4.3.2. Effect of time and concentration 
The mechanism of the metal uptake generally depends on the initial concentration of 
heavy metals in contact with the adsorbent. At low concentration the specific sites are 
responsible for the adsorption, while in case of increasing metal concentrations the 
specific sites are saturated and the adsorption sites are filled [Lehman and Harter, 
1984]. The effect of initial concentration of Cd(II) on the extent of adsorption is 
shown in Figure 4.2. It has been found that adsorption increased with time and 
attained maximum for all the concentrations. The adsorption capacities at 50, 60 and 
80 mg/L initial Cd(II) concentrations were foimd to be 4.92, 5.4 and 60 mg/g 
respectively. This resuh might be due to increased driving force with increased Cd(II) 
concentration. The uptake of metal ions at any particular concentration increased with 
contact time. However, with increase in initial Cd(II) concentration, the contact time 
needed to reach equilibrium was also increased. It has been observed that equilibrium 
was attained at 125 min for all the studied concentrations. 
4.3.3. Effect of pH 
The % adsorption of Cd(II) increased with increase in the initial pH (pHi) and attained 
maximum at pH 4. Adsorption was also influenced by equilibrium pH or final pH 
(pHf) of the solution. The mechanism of adsorption can be explained on the basis of 
initial pH (pHi), final (pHf), surface charge of the adsorbent and speciation of the 
metal. Adsorption of Cd(II) was 66 % at pH 2. When pHi was adjusted to 2, there was 
a small increase in pHf (3.12) indicating that adsorption sites were protonated because 
of excess H"^  ions. However, when pHi was adjusted to 4 then pHf increased to 4.86 
and at the same time adsorption of Cd(II) increased to 95.4% due to deprotonation of 
some adsorption sites. However when initial pH was adjusted to 6 the % adsorption 
remained maximum (95.4%) but pHf decreased to 4.79 (Figure 4.3) due to the 
formation of Cd(OH"^ ), the dominating species of Cd(II) in the pH range 6-10 [Naiya 
et al., 2009]. It can be concluded that maximum amount of Cd(II) was adsorbed in the 
form of Cd^ ^ ions up to pH 4 but above this pH adsorption of Cd(II) occurred in the 
form of Cd(OH"^ ) on the surface of the adsorbent. Adsorption of Cd(II) was also 
influenced by the presence of electrolyte. Figure 4.3 showed that adsorption was less 
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at all the studied pHs in presence of 0.1 M KNO3. The point of zero charge determined 
in DDW, O.IM KNO3 and in presence of Cd(II) ions is shown in Figure 4.4. Figure 
4.4 indicated that there was no common point of intersection of these curves at ApH = 
0, hence second charge reversal could not be considered as pHpzc. However, AH 
values at pH=l was not affected in presence of electrolyte and Cd(II) ions therefore 
first charge reversal observed at pH=l (calculated by extrapolation of these curves) 
may be considered as pHpzc [Babic et al., 1999]. The surface of the adsorbent is 
positive at pH< pHpzc, neutral at pH = pHpzc and negative at pH>pHpzc and 
therefore appreciable amount (66 %) of Cd(II) was adsorbed at pH 2 due to 
electrostatic attraction between positively charged Cd(II) ions and negatively charged 
surface. 
4.3.4. Adsorption isotherms 
Experimental data were fitted in the Langmuir, Freimdlich, Temkin and D-R models 
at different temperatures. The fitting procedure was performed by using R- software 
version 2.10.1 (2009-12-14). In order to evaluate the fitness of the data, correlation 
coefficient (R^), and error analysis were evaluated for each model. According to 
Langmuir model the adsorption occurs on a homogenous surface forming monolayer 
of adsorbate with constant heat of adsorption for all sites without interaction between 
adsorbed molecules [Kalavathy and Miranda, 2010]. The linear form of Langmuir 
model may be given as 
1 1 1 1 
= X + (1) 
where Ce is the equilibrium concentration of Cd(II) in the solution (mg/L), qe is the 
amount of Cd(II) adsorbed per unit weight of adsorbent (mg/g), qn, is the amount of 
Cd(II) required to form monolayer (mg/g) and b is a constant related to energy of 
adsorption (L/mg). The values of b and q™ were calculated fi-om the slope and 
intercept of the linear plots of 1/qe versus 1/Ce at different temperatures. The data 
obtained from this model indicated that it did not fit well at high temperature (50°C) 
as the value of qm and b were negative, however the data were fitted best at 30°C as 
indicated by high correlation coefficient (R )^ and RSE values (Table 4.2). 
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Table 4.2. Langmuir isotherai parameters at different temperatures 
Parameters 
b(L/mg) 
qm (mg/g) 
R' 
RSE 
P-value 
30"C 
1.51 
30.49 
0.95 
0.02 
0.02 
40"C 
0.08 
602.04 
0.84 
0.04 
0.08 
50"C 
-21652.52 
-0.00023 
0.554 
0.086 
0.25 
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The Freundlich model is an empirical equation based on the adsorption of adsorbate 
onto heterogeneous surface. The linear form of Freundlich model can be represented 
as 
\ogq^=\ogKy+-\ogC^ (2) 
n 
Where Kf and n are Freundlich constants related to multilayer adsorption and 
adsorption intensity respectiveJy. A plot of Jog q^  versus Jog Cg shouJd generate 
straight line and values of 1/n and Kf can be calculated from the slope and intercept. 
Freundlich model was best obeyed at 30° and 40°C because of high R^  values (Table 
4.3). 
Temkin isotherm assumes that the decrease in the heat of adsorption is linear rather 
than logarithmic as implied in the Freundlich isotherm [Nemr, 2009]. The linerized 
form of Temkin equation can be represented as 
^e = 
RT 
xlnA + 
J b 
xlnC, (3) 
Where (RT/b) = B, R is universal gas constant, T is absolute temperature and b is 
another constant. A (g/L) and B are Temkin constants related to adsorption potential 
and heat of adsorption. The values of A and B were calculated from the slope and 
intercept of the plot of qe versus In Ce. The data obtained from this model (Table 4.4) 
indicated that this model was best fitted at 40°C (R^= 0.9912). 
Dubinin- Redushkeuich (D-R) isotherm does not assume a homogenous surface or a 
constant sorption potential [Gonzalez et al., 2006]. The linear form of this equation is 
represented as 
In qe = In q„-j3s^ (4) 
Where s is the Polyani potential, qm is the monolayer capacity (mol/g), Ce is the 
equilibrium concentration (mol/L), K is a constant related to adsorption energy mol^  
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Table 4.3. Freundlich isotherm parameters at different temperatures 
Parameters 
K 
n 
R^  
RSE 
P-value 
30"C 
1.07 
46.14 
0.90 
0.12 
0.04 
40"C 
1.00 
51.24 
0.91 
0.12 
0.04 
50"C 
0.00 
4.98 
0.63 
0.28 
0.20 
Table 4.4. Temkin isotherm parameters at different temperatures 
Parameters 
A 
B 
R2 
RSE 
P-value 
30"C 
2.58 
295.08 
0.73 
5.82 
0.14 
40"C 
2.82 
260.10 
0.99 
1.05 
0.004 
50"C 
1.25 
44.67 
0.66 
6.95 
0.18 
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(KT^)''. The data obtained from this model (Table 4.5) indicated that this model was 
best fitted at 40°C (R^= 0.91). 
The Polyani potential (£•) and mean free energy of adsorption (E, Kj/mol) can be 
calculated from the equations 
s = RT In 1 + 1 
Ce (5) 
E = V T ^ (6) 
The data obtained from all the above models were well fitted at 30°C (except Temkin 
model) as indicated by low values of RSE and high correlation constant (R )^ but these 
models failed when temperature was increased above 40°C perhaps due to 
decomposition of active groups present on the adsorbent surface. Table 4.2-4.5 
describes the data obtained from Langmuir, Freundlich, Temkin and D-R models at 
different temperatures. 
Table 4.5. D-R isotherm parameters at different temperatures 
Parameters 
50°C 
qm (mol/g) 
K 
E(kj/mol) 
R2 
RSE 
P-value 
30"C 
0.01 
4.904x10-^  
7.13 
0.90 
0.30 
0.05 
40"C 
0.02 
4.667x10'' 
10.35 
0.91 
0.27 
0.04 
50"C 
11.12 
2.892x10'* 
4.15 
0.63 
0.65 
0.20 
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4.3.5. Adsorption kinetics 
The rate constants were calculated by using pseudo-first order and pseudo-second 
order kinetics models. The first order rate expression is given below [Lagergren, 
1898] 
M ^ . - ^ / ) = - TTTT x^ + log^. (7) 
\L.iLj) 
Where qe is the amount of Cd(II) adsorbed per unit weight of adsorbent at equilibrium 
or adsorption capacity (mg/g), qt is the amount of Cd(II) adsorbed per unit weight of 
adsorbent at any given time t, Ki is the rate constant for pseudo-first order model. The 
values of Ki and qe were calculated from slope and intercept of the linear plot of log 
(qe-qO versus t at various concentrations. A plot of log (qe-qO vs t gave straight lines 
confirming the applicability of the pseudo-first order rate equation. 
The pseudo- second order kinetic rate equations is given as 
/ 1 1 
(It h q^ 
where h is the initial rate of adsorption (h = K2qe) and K2 is the rate constant of 
pseudo-second order adsorption (g/mg/min).The values of K2 and qe were calculated 
fi-om the intercept and slope of the linear plots of t/qt vs. t at various Cd(II) 
concentrations. Straight line plots of t/qt vs. t indicated the applicability of pseudo 
second order model (Figure 4.5). 
Table 4.6 provides data of pseudo-first order rate constants Ki, pseudo-second order 
rate constants K2, initial adsorption rate (h), R ,^ calculated equilibrium adsorption 
capacity qe (cal) and experimental equilibrium adsorption capacity qe (exp) at 
different initial Cd(II) concentrations. It was found that qe (cal) values fi-om pseudo-
first order model differed appreciably from the experimental values showing that 
system did not follow pseudo-first order model. In pseudo-second order kinetic model 
the values of qe (cal) were very close to qe (exp) values at various initial Cd(II) 
concentrations as compared to pseudo-first order model indicating that pseudo-second 
model was better obeyed. 
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Table 4.6. Pseudo-first-order and -second-order constants for adsorption of Cd(II) on 
bottle brush seed capsules 
Concentration 
(mg/L) 
Ki 
(min"' 
50 0.17 
60 0.07 
80 0.01 
Pseudo-first-order kinetics Pseudo-second-order kinetics 
qe(cal) 
) (mg/g) 
0.01 
0.49 
1.30 
R^  
0.75 
0.89 
0.60 
qe(exp) 
(mg/g) 
4.92 
5.40 
6.00 
qe(cal) 
(mg/g) 
4.92 
5.39 
5.99 
K2 h 
(g/mg/min) (mg/g) 
68.86 1666.6 
0.35 10.20 
0.03 1.15 
R^  
1.00 
1.00 
0.99 
150 
4.3.6. Breakthrough capacity 
Breakthrough curve is the most effective column process making the optimum use of 
the concentration gradient between the solute adsorbed by the adsorbent and that 
remaining in the solution. The column is operational until the metal ions in the 
effluent start appearing and for practical purposes the working life of the column is 
over called breakthrough point. This is important in process design because it directly 
affects the feasibility and economics of the process [Gupta et al., 2001]. Figure 4.6 
shows that 150 mL of Cd(II) solution could be passed through column without 
detecting Cd(II) in the effluent. The breakthrough capacity was found to be 15 mg/g. 
1.2 
1 
0.8 
o u 
C3 0.6 
0.4 
0.2 
( 
^ 
y/ 
/ 
j 
) 100 200 300 400 500 
volume (mL) 
Figure 4.6 Breakthrough capacity 
600 
151 
4.3.7. Effect of electrolytes 
The effect of various electrolytes on the adsorption of Cd(II)) is reported in Table 4.7. 
Adsorption of Cd(ll) was affected and decreased with the increased concentration of 
electrolytes like CaCb, NaCl, Na2S04, MgCb, HCl. However, adsorption of Cd(ll) 
increased with increasing NaHCOs concentrations. This may be due to the fact that 
final pH (pHf) of the NaHCOa solution increased with increased concentration (pH 
7.8-8.8) indicating the release of H"^  ions from the adsorbent. A decrease in pH in 
presence of these salts indicated these ions are preferentially adsorbed in presence of 
Cd(Il) ions. 
Table 4.7. Influence of electrolytes on the % adsorption of 50 mg/L Cd(II) 
Electrolytes 
CaCb 
NaHCOa 
NaCl 
Na2S04 
MgCl2 
HCl 
% Adsorption 
0.01 M 0.1 M 
54.0 
76.0 
96.0 
90.0 
50.0 
18.0 
18.0 
87.2 
70.0 
70.0 
28.0 
0.0 
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4.4. CONCLUSION 
Bottlebrush seeds showed excellent potential for Cd(II) removal from aqueous 
solution. Equilibrium time was concentration dependent. The maximum adsorption of 
Cd(II) could be possible from the aqueous solution at pH 4. Langmuir, Freundlich, 
Temkin and D-R isotherm were best obeyed at 30°C. Kinetic data showed the better 
applicability of pseudo-second order model confirming that adsorption of Cd(II) was 
chemisorption in nature. 
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Chapter-5 
Glaze-An Excellent Adsorbent 
for the Removal of Cu(II) From 
Aqueous Solution 
5.1. INTRODUCTION 
There is a rapid increase in the use of heavy metal ions globally through various 
forms such as batteries, pigments, PVC stabilizers and similar other industrial 
applications [Gaballah et al., 1998 and Gonzalez et al., 2001]. These increases in the 
contamination of heavy metals are very dangerous for the environment as it shows 
from many serious envirormiental problems in the past and recent years [Pharr et al., 
2007]. Specially, the heavy metal ions from the transition series are more toxic in the 
enviroimient and thus posing a great threat in various forms of life. Copper is a heavy 
metal ion among this category, it is very toxic metal if it is taken in large quantity. 
The excessive amount of copper cause severe symptoms like headaches, nausea, hair 
loss as it can be deposited in the human brain, skin, pancreas, liver and myocardium 
which may cause Wilson's disease [Chen et al., 2003] and results in brain damage, 
damage of liver and kidney, depression and anemia [Al-Rub et al., 2006]. Copper in 
the form of Cu(II) ions are soluble in water and because of this reason it is a universal 
toxic element in high concentrations. Due to cooking in copper-lined or copper glazed 
or copper designed pots and the supply of water through copper pipes [Manahan et al., 
1991] there is an easy exposure of human to this toxic metal. 
Various techniques have been employed for the removal of heavy metals but 
adsorption is the most important technique which has the advantage of being cheaper 
than the other techniques. This technique is easy to operate and equally effective in 
the removal of heavy metals at very low concentrations. 
The choice of adsorbent is a key point and the literature review suggested the use of 
new adsorbents which have high adsorption capacity and can remove the heavy metal 
ions effectively. Among them Gyttja (which has multilayer coal deposits with clay 
and calcareous gyttja partings) [Dikici et al., 2010], natural kaolinite clay [Jiang et al., 
2010], kaolinite supported zero valent iron nanoparticles [Uzum et al., 2009], natural 
bentonite [Korkut et al., 2010], Mg oxide coated bentonite [Eren et al., 2010], 
bentonite- polyacrylamide composites [Zhao et al., 2010], humic acid- immobilized 
bentonite composite [Anirudhan et al., 2010], Na- bentonite [Zhi-rong and Shaoqi, 
2010], montmorillonite [Christianah et al., 2009], sodium dodecyl sulfate modified 
iron pillared montmorillonite [Li et al., 2010], sepiolite [Dogan et al., 2009], mineral 
soil [Vidal et al., 2009], perlite [Ghassabzadeha et al., 2010], sandy soil [Yip et al., 
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2010], zeolite prepared from Egyptian Kaolin [Tarek et al., 2010], chitosan coated 
sand [Wan et al., 2010] have recently been reported. In this study, we have 
investigated and utilized the adsorption capacity of glaze. Glaze is a thin layer or 
coating of a vitreous substance or liquid which is fired to fuse to a ceramic object and 
put on a piece of pottery to color, strengthen, decorate and gives hard and shiny look 
[Ching et al, 1995]. Glaze is also used in building materials. The Iron Pagoda, built in 
1049 CE in Kaifeng (China) is an example which was made from glazed bricks [Dai 
and Gao, 2002]. Many painters used glaze in the paint application to increase illusions 
or brightness, opaque and depth [Simon et al., 2008]. It is widely used in pottery and 
porcelain to give a waterproof finish. Glaze is also used in furniture, finishing and in 
cabinet. Glaze is a form of basically glass forming minerals (boron or silica), melting 
agents (such as soda) and combined with clay and fluxes to give stiffness. This 
material has not yet been tested for the adsorption of heavy metals from aqueous 
solution therefore its adsorption properties were explored. The present study deals 
with a series of batch adsorption experiments to explore the feasibility of glaze as an 
adsorbent for the removal of Cu(II) ions. 
5.2. JMATERIALS AND JMETHODS 
5.2.1. Adsorbent 
Glaze was purchased in the form of slurry from Asian Chemicals (INDIA). The slurry 
was dried in an oven at 70-80°C. The dried mass was then crushed and washed several 
times with double distilled water (DDW) to remove dust, dirt etc. It was again dried in 
an oven at 50-60''C for further study. 
5.2.2. Adsorbate solution 
All reagents and chemicals used were of analytical grade. Stock solution of Cu(II) was 
prepared (1000 mg/L) by dissolving the desired quantity of Cu(N03)2.H20 in DDW. 
5.2.3. Adsorption studies 
Batch process was employed for adsorption studies. The mass of 0.5 g of adsorbent 
was taken in a conical flask containing 50 mL Cu(II) solution of desired 
concentration. The solution was shaken in a shaker incubator and then filtered at the 
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end of the predetermined time interval. The final concentration of Cu(II) was 
determined in the filtrate by Atomic Absorption Spectrophotometer (AAS) (GBC-
902). The adsorbed amount of Cu(II) was then calculated by subtracting the final 
concentration fi-om initial concentration. The adsorption capacity at equilibrium (qe) 
was calculated by using the following relation. 
fC -C \ 
Sorption Capacity (q^) = — x F (i) 
V W 
Where Co is the initial concentration of adsorbate (mg/L), Ce is the final 
concentration of adsorbate (mg/L), V is the volume of the solution (L) and W is the 
mass of the adsorbent (g). 
5.2.4. Effect of pH 
The effect of hydrogen ion concentration on the adsorption of Cu(II) was studied over 
pH ranges 2-10. A 50 mL Cu(II) solution of 50 mg/L concentration was taken in a 
flask. The desired pH of the solution was adjusted by adding O.IN HCl or 0.1 N 
NaOH solutions. 0.5 g adsorbent was then added in each flask and after equilibrium 
the final concentration of Cu(II) was determined. In order to see the effect of 
electrolyte on the adsorption of Cu(II) the same procedure was repeated with 50 mg/L 
Cu(II) prepared in O.IN KNO3 solution. 
5.2.5. Determination of point of zero charge 
The point of zero charge (pHpzc) of the adsorbent was determined by solid addition 
method using DDW, 0.0IN and O.IN KNO3 solutions. The volume of DDW (50 mL) 
was transferred to a series of conical flasks and the initial pH (pHi) of these solutions 
were roughly adjusted between 2.0 to 10.0 by adding either O.IN HCl or O.IN NaOH 
solution. The initial pHs (pHi) of these solutions were then accurately noted witii the 
help of pH meter. After that, 0.5 g of adsorbent was added to each flask and allowed 
to equilibrate for 24 h with intermittent manual shaking. The final pH (pHf) of the 
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supernatant liquid was then noted. The difference between the initial pH (pHi) and 
final (pHf) values (ApH= pHi-pHf) were plotted against pHi, the point of intersection 
of the resulting curve with abscissa, at which ApH=0, gave the pHpzc. The same 
procedure was repeated using 0.0IN and 0.1 M KNO3 solutions. 
5.2.6. Effect of contact time and concentration 
Effect of time on the adsorption of Cu(II) was determined by analyzing the residual 
Cxi(ll) in the \iquid after contact period from 5 to 300 min. Experiments v e^re 
performed using batch process at room temperature. The mass of adsorbent (0.5 g) 
was added to 50 mL solution of various initial concentrations of Cu(II) (10-100 
mg/L). Samples were withdrawn from each conical flask after specified time interval 
and analyzed for residual metal content. 
5.2.7. Effect of adsorbent doses 
The effect of adsorbent dose on the adsorption of Cu(II) was studied by varying the 
adsorbent doses from 0.2 to 1,0 g at fixed volume of the solution (50 mL) of Cu(II) 
with initial concentration of 50 mg/L. The adsorbent was treated with the solution in 
250 mL conical flasks. These flasks were kept into temperature controlled water bath 
shaker at different temperatures (30-50°C) for 4 h and then filtered. The final 
concentration of Cu(II) in the filtrate from each flask was then determined as 
described earlier. 
5.2.8 Desorption studies 
Batch process was used to perform desorption studies by varying the adsorbent 
amount (0.5 - 1.0 g). The desired amount of adsorbent was taken in a conical flask 
and treated with 50 mL of Cu(n) solution. After the contact time of 24 h, the solution 
was filtered and filtrate was analyzed for residual Cu(II) concentration. The adsorbent 
was then washed several times with DDW to remove excess Cu(II) ions and then 
treated with 50 mL of desorbing solution (Q,IN ECl). The amount of Cu(ll) desoibed 
in the supernatant liquid was then determined by AAS. 
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5.3. RESULTS AND DISCUSSION 
5.3.1. Adsorption of heavy metals 
The adsorption capacities of metal ions are affected by many factors e.g. property of 
metal ions and solutions. This adsorption of Cu(II), Cd(n), Ni(II), Pb(II) and Cr(VI) is 
shown in Figure 5.1. The efficiency of adsorption was in the order of Pb(II) > Cu(II) 
> Ni(II) > Cd(II) > Cr(VI). Cu(II) was selected as the adsorbate in order to examine 
the heavy metal removal characteristics and adsorption capacity of glaze. The effect 
of treatment of adsorbent with a complexing agent like PAN [l-(2- Pyridylazo)-2-
naphtbol] was also studied and it was found that treatment did not show any increase 
in the adsorption. Infact, the adsorption of metal ions decreased while there was 
almost no change on the adsorption of Pb(II). The efficiency of adsorption on PAN-
treated glaze was in order of Pb(II) > Ni(II) > Cd(II) > Cu(II) > Cr(VI). 
5.3.2. Characterization of adsorbent 
5.3.2. (a) Chemical composition 
The chemical composition of glaze slurry (Table 5.1) shows high percentage of AI2O3 
(as feldspar) and Si02 (in the form of quartz). 
5.3.2. (b) Scanning electron microscopy (SEM) analysis 
SEM images of native and Cu(U) adsorbed glaze are sbovnv in Figuie 5.2a and S.lb. 
The surface of the glaze appeared to be heterogeneous. The morphology of the surface 
is slightly changed after Cu(II) adsorption. Adsorbed Cu(II) on the surface of the 
glaze can be seen clearly in the form of white patches (Figure 5.2b). 
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Table 5.1 
Chemical composition of Glaze slurry 
Material 
Potash feldspar 
Quartz 
Calcite 
China clay 
Bariimi carbonate 
Zinc oxide 
Chemical formula 
K20.Al203.6Si02 
Si02 
CaCOs 
Al2O3.2SiO2.2H2O 
BaCOa 
ZnO 
(%) 
52 
21 
15 
7 
3 
2 
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Figure 5.2 (a) SEM micrograph of native glaze 
Figure 5.2 (b) SEM micrograph of glaze after Cu(II) adsorption 
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5.3.2. (c) FTIR analysis 
FTIR spectra of native and Cu(II) treated adsorbent are shown in Figure 5.3a and 
5.3b. The peaks at 3694 and 3619cm'' are due to the presence of-OH groups while 
peaks between 900 -1100 cm"' are due to metal oxide [Coates, 2000]. When FTIR 
spectra of untreated and Cu(II) treated adsorbent were compared, the wave number 
associated with -OH group was shifted. After treatment with Cu(II) ions, a decrease 
of 30% in transmittance have been observed showing that interaction of Cu(II) occurs 
at -OH groups. All these changes show that this shift is due to metal binding process 
on the surface of glaze. 
5.3.3. Effect of time and concentration 
The mechanism of the metal uptake generally dependents on the initial concentration 
of heavy metal to which the adsorbent is in contact. At low concentrations the specific 
sites are responsible for the adsorption of metal, while with increasing metal 
concentrations the specific sites are saturated and the adsorption sites are filled 
[Lehman et al., 1984]. The effect initial concentration of Cu(II) on the extent of 
adsorption is shown in Figure 5.4. It has been found that adsorption increases with 
time and attains maximum for all the concentrations. The adsorption capacities at 20, 
40, 60, 80 and 100 mg/L concentrations are found to be 1.1,1.3, 3.2, 4.1 and 7.0 mg/g 
respectively. This result may be due to increased driving force with the increased 
initial Cu(II) concentration. The uptake of metal ions at any particular concentration 
also increases with contact time. The equilibrium time however remains constant (60 
min) when concentration is varied between 20 - 60 mg/L showing that at lower 
concentrations (up to 60 mg/L) the equilibrium time is independent of concentration 
but when concentration is increased above 60 mg/L, the equilibrium time increases 
(300 min at 100 mg/L initial concentration). Therefore a higher initial Cu(II) 
concentration may increase the adsorption capacity but will require more contact time 
for maximum removal [Chen et al., 2005]. 
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Figure 5.4 Effect of time and initial concentration 
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5.3.4. Effect of pH and electrolyte concentration 
The effect of pH on the adsorption of Cu(II) is shown in Figure 5.5. The variation in 
the adsorption of Cu(II) with respect to pH can be explained by considering the 
surface charge of the adsorbent and the speciation of Cu(II) ions. At pH 2, the 
adsorbent possesses positive charge because the point of zero charge (pHpzc) of the 
adsorbent is 8.2 (Figure 5.6). The surface is positive if pH of the solution is less than 
pHpzc which is not favorable for the adsorption of Cu(II) ions due to electrostatic 
repulsion. The reaction may be explained as follows 
A _ 0 " + HjO *• O—H + HO 
A 
Hence adsorption at pH 2 is less (18%), also a high concentration of H"*^  ions in the 
solution compete with metal ions resulting in the least uptake of metal ions at low pH. 
When initial pH of the solution is increased above 2, the final pH or equilibrium pH 
increases very quickly (Figure 5.5) because of the simultaneous adsorption of Cu 
and H* ions since there is less competition from H^ ions to the adsorption sites. The 
chemical species of Cu(II) formed at different pH values [Xue et al., 2009] are Cu^ ^ 
(pH 2-4); Cu(OH)'' (pH 4-6); Cu(0H)2 (pH 6-10); Cu(0H)3' (pH 10-12). The 
speciation suggests that majority of Cu ions is present as Cu(OH) in the pH range 
4-6 therefore it can be concluded that large quantity of Cu^ * ions (98%) is removed in 
the form of Cu ions at pH< 4 and removal of Cu(II) in the pH range 4-6 occurs in 
the form of Cu(OH)"^ . When pH of the system is increased further (pH>pHpzc), the 
adsorbent surface becomes negatively charged as shown below 
A_OH + HO' ^ A—O' + H2O 
A—O' + Cu "^" fc» AOCu 
Negatively charged surface therefore favors the adsorption of cations due to 
electrostatic attraction. The species of Cu(II) are present as Cu(OH)"^  and Cu(0H)2 in 
the pH range 6-10 hence uptake of Cu(II) at higher pH occurs in the form of Cu(0H)2 
or micro precipitation. Further a shift in pHpzc towards lower pH value (Figure 5.6) 
in presence of increasing concentration of electrolyte (KNO3) indicates specific 
adsorption of cations on the adsorbent surface [Tripathy and Kanugo, 2010]. The 
effect of electrolyte concentration is also shown in Figure 5.5. The percent adsorption 
of Cu(II) is decreased slightly in presence of 0.1 N KNO3. 
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5.3.5. Effect of adsorbent dose 
The effect of adsorbent doses on percent adsorption and adsorption density (mg/g) is 
shown in Figure 5.7. The experiment was performed at fixed volume (50 mL) at 
different temperatures (30°, 40° and 50°C). Percent adsorption increases with increase 
in adsorbent dose at any fixed temperature. This may be due to increased surface area 
of the adsorbent and availability of more adsorption sites with increased adsorbent 
dose. The % adsorption was found to be 92, 98.8 and 99.6 respectively at 30°, 40° and 
50°C at fixed adsorbent dose (Ig) indicating that adsorption process is endothermic in 
nature. The adsorption density however decreases with increase in adsorbent dose. 
The adsorption density at 30°, 40° and 50°C was found to be 2.3, 2.47 and 2.49 mg/g 
respectively at Ig adsorbent dose. The decrease in adsorption density with increase in 
adsorbent dose may be attributed to the interaction of adsorbent particles such as 
aggregation that might have resulted in decrease of total surface area of the adsorbent 
[Xue et al, 2009]. This decrease in adsorption density is more pronounced at lower 
adsorbent dose but as adsorbent dose increases the decrease in adsorbent density 
becomes negligible. 
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5.3.6. Adsorption isotherms 
In order to optimize the design of adsorption system for the removal of Cu(II) from 
aqueous solution, it is important to explain the good relationship between adsorbed 
Cu(II) ions per unit weight of adsorbent (qe) and residual concentration of Cu(II) in 
solution (Ce) at equilibrium. Experimental data were fitted in the well known 
Langmuir, Temkin, Freundlich and Dubinin-Radushkeuich models at various 
temperatures. 
According to Langmuir model the adsorption occurs on a homogenous surface 
forming monolayer of adsorbate with constant heat of adsorption for all sites without 
interaction between adsorbed molecules [Kalavathy et al., 2010]. The linear form of 
Langmuir model may be given as 
1 ^ 1 J_ J_ 
Where Ce is the equilibrium concentration of Cu(II) in the solution (mg/L), qe is the 
amount of Cu(II) adsorbed per imit weight of adsorbent (mg/g), qm is the amount of 
Cu(II) required to form monolayer (mg/g) and b (mg/L) is a constant related to energy 
of adsorption. A plot of 1/qe versus 1/Ce gives straight line. The values of b and qm 
can be calculated from the slope and intercept. 
The Freundlich model is an empirical equation based on adsorption on a 
heterogeneous surface. The linear form of Freundlich model can be represented as 
log^, = l o g / i : ^ + - l o g Q (3) 
n 
Where, Kf and n are Freundlich constants related to muhilayer adsorption and 
adsorption intensity. A plot of log qe versus log Ce will generate straight line and 
values of 1/n and Kf can be calculated form the slope and intercept. 
Temkin isotherm assumes that the decrease in the heat of adsorption is linear rather 
logarithmic, as implied in the Freundlich isotherm [Nemr, 2009]. It assumes that heat 
of adsorption on the surface of the adsorbent decreases linearly with coverage due to 
adsorbent-adsorbate interactions [Nemr, 2009]. The linear form of Temkin equation 
can be represented as 
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(le = 
(RT^ , . (RT^ 
x l n ^ + 
\ o J 
xlnC, (4) 
\ o J 
Where (RT/b) = B, R is universal gas constant, T is absolute temperature and b is 
another constant. A (g/L) and B are Temkin constants related to adsorption potential 
and heat of adsorption. The values of A and B can be calculated from the slope and 
intercept of the plot of qe versus In Ce. 
Dubinin-Redushkeuich (D-R) isotherm does not assume a homogenous surface or a 
constant sorption potential [Gonzalez et al., 2006]. The linear form of this equation is 
represented as 
\nq^=\nq,-P6' (5) 
Where, e is the Polyanyi potential, qm is the monolayer capacity (mol/g), ce is the 
equilibrium concentration (mol/L), K is a constant related to adsorption energy 
moP/(kT) .^ The parameters qm and k can be obtained from the intercept and slope of 
the plot of In qe versus e . The Polyanyi potential (e) and mean free energy of 
adsorption (E, Kj/mol) can be calculated from the equations 
s = RT \Yi 
' ' ^ < * ' 
The fitting procedure was performed using R software version 2.10.1 (2009-12-14). To 
evaluate the fitness of the data, correlation coefficients (R^), error analysis (residual 
standard error (RSE) and P-values were calculated. The values of constants obtained 
from different models were fitted and corresponding qe values (qe cal) were calculated 
from each model. The values found experimentally were compared with qe (cal) using 
chi-square test (x ). Chi-square test values were calculated from the following relation 
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X - (8) 
where, N is the number of observation. Lower the value of xi^  better is the fit. The 
parameters calculated from different models at 30°, 40° and 50°C are reported in Table 
5.2. The Langmuir parameters qm and b were found to be higher. The maximum 
adsorption capacity (qm) was calculated to be 5.78 mg/g at 30° C. A comparison of the 
maximum adsorption capacity for Cu(II) reported by earlier workers for various 
adsorbents is reported in Table 5.3. It has been foimd that glaze slurry has excellent 
adsorption potential for the removal of Cu(II) from aqueous solution. A dimensionless 
constant, separation factor (RL) which is an essential characteristic of Langmuir 
isotherm [Khan et al., 2010] can be calculated from the relation 
R,= ' 
^~l\^u^r\ (9) (l+6xC„) 
where b is Langmuir constant. RL describes the type of Langmuir isotherm (RL= 0 
irreversible, 0< RL<1 favorable and RL>1 unfavorable). The RL values calculated by 
equation 11 at different temperatures showed favorable adsorption of Cu(II) on glaze 
slurry. The Freundlich constant Kf has high value and increases from 1.11 to 9.09 with 
increase in temperature from 30°-50°C. 
The data obtained from Langmuir, Freundlich and Temkin models were well fitted as 
indicated by low values of RSE and chi-square (x^ ) test (Table 5.2) at 30°C. Freundlich 
model showed better applicability as compared to Langmuir and Temkin model since 
Freundlich model showed high correlation coefficient (R )^ and least '^ test values in the 
temperature ranges 30°-50°C. The p-values for all the models at 30°, 40° and 50°C were 
less than 0.05 (p<0.05). 
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Table 5.2 
Adsorption adsorption isotherm parameters at different temperatures 
Isotherms 
Langmuir 
Freundlich 
Temkin 
D-R 
parameters 
b(mg/L) 
qm (mg/g) 
R2 
-i 
RSE 
P-value 
RL 
K 
n 
R^ 
^ 
RSE 
P-value 
A 
B 
R^ 
-i 
RSE 
P-value 
qm (mol/g) 
K 
E (kj/mol) 
R^ 
i 
RSE 
P-value 
30"C 
0.1761 
5.7800 
0.9729 
0.0137 
0.0172 
<0.05 
0.1019 
1.1100 
2.2400 
0.9798 
0.1670 
0.0202 
<0.05 
1.3070 
1.7600 
0.9838 
0.0115 
0.1343 
<0.05 
0.3860 
4.0x10-^ 
11.1000 
0.9773 
0.0142 
0.0481 
<0.05 
40"C 
0.2513 
19.8400 
0.9776 
0.0740 
0.0182 
<0.05 
0.0737 
3.8000 
1.4100 
0.9710 
0.0384 
0.0145 
<0.05 
4.0200 
0.8980 
0.9980 
0.0031 
0.0843 
<0.05 
3.7000 
4.90x10-' 
10.0000 
0.9530 
0.0665 
0.1037 
<0.05 
50"C 
0.8090 
17.3600 
0.9658 
0.0715 
0.0233 
<0.05 
0.0241 
9.0928 
1.1940 
0.9795 
0.0329 
0.0298 
<0.05 
9.2700 
0.7920 
0.9344 
0.1299 
0.1299 
<0.05 
9.3000 
4.64x10"' 
11.2000 
0.9662 
0.0169 
0.0751 
<0.05 
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Table 5.3 
Maximum adsorption capacities for Cu(II) of various adsorbents 
Adsorbent 
Aspergillus versicolor 
Acacia arabica 
Herbaceous peat 
Cereal chaff 
Soya bean straw 
Rice shell 
Activated carbon 
Spent activated clay 
Red mud 
Raw rubber wood sawdust(RSD) 
Chestnut shell 
Chitosan 
Aminopropyl silica gel-immobilized 
Calix[4] arena polymer 
Zeolite 
Adsorption capacity (qm) 
(mg/g) 
2.080 
5.640 
4.840 
4.460 
5.400 
1.850 
3.560 
3.200 
5.340 
3.450 
4.800 
5.080 
5.080 
5.000 
Tannic acid modified activated carbon 2.460 
Wall nut hull 
XAD-1180-TAN 
A3 sample of GAC 
Iron oxide coated sand 
Pottery glaze 
3.519 
0.770 
4.130 
1.850 
5.780 
References 
Tastanetal(2010) 
Meena et al (2008) 
Gundogan et al (2004) 
Han et al (2006) 
Saeiban et al (2008) 
Aydin et al (2008) 
Machida et al (2005) 
Weng et al (2007) 
Nadarogluetal(2010) 
Kalavathyetal(2010) 
Vazquez et al (2009) 
Luetal(2010) 
Tabaku et al (2008) 
Arivoli et al (2009) 
Rao et al (2009) 
Wanga et al (2009) 
Tokalioglu et al (2009) 
Jaramilloa et al (2009) 
Boujelben et al (2009) 
Present study 
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5.3.7. Thermodynamic study 
The effect of temperature on the adsorption of Cu(II) was studied at temperature 
ranging from 30-50°C. Thermodynamic parameters such as standard free energy 
change (AG )^, standard enthalpy change (AH°) and standard entropy change (AS") 
were calculated using the following relations [Narmasivayam et al., 1995]. 
Kc = ^  (10) 
Where, Kc is the adsorption equilibrium constant, CAC and Ce are equilibrium 
concentrations of Cu(II) on the adsorbent and in the solution, respectively. 
AG'>=-RT\nK^ (11) 
Where, T is the absolute temperature in Kelvin and R is the gas constant. The values 
ofAH°andAS° were calculated from the following Von't Hoff equation. 
, ^ AH" AS° 
• " ^ - - ^ " ^ "^ ^ 
A plot of In Kc verses 1/T gives straight line and AH° and AS" were calculated from 
the slope and intercept (Figure 5.8). The thermodynamic parameters are reported in 
Table 5.4. Values of free energy change AG° are negative confirming that adsorption 
of Cu(II) is spontaneous and thermodynamically favorable since AG° becomes more 
negative with increase in temperature, indicating high driving force and hence 
resulting in higher adsorption capacity at higher temperature. The value of AH° is 
positive showing that adsorption process is endothermic in nature. A little but positive 
value of AS° in the temperature range 30-50°C suggests increased in randomness at 
the solid-solution interface during adsorption [Namasivayam et al., 1995] since 
adsorption of Cu(II) dislodge some water molecules from the surface of the adsorbent 
that results an increased randomness. 
The D-R isotherm data (Table 5.2) indicate that mean free energy (E) remains almost 
constant (11.00 - 11.20 kj/mol) in the temperature ranges 30°-50°C. These values of 
indicate that chemisorption's process is involved in the adsorption of Cu(II) onto glaze. 
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Figure 5.8 Van'tHoff Plot 
Table 5.4 
Thermodynamic parameters at different temperature for the adsorption of Cu(II) on 
glaze 
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5.3.8. Kinetics studies 
The rate constants were calculated by using pseudo-first order and pseudo-second 
order kinetic models. The first order rate expression is given below [Lagergren, 
1898]. 
K \ 
l 0 g { ^ e - 9 j = - | : r ^ X^ + l o g ^ e (13) 
V ^2.323, 
Where, qe is the amount of metal ions adsorbed per unit weight of adsorbent at 
equilibrium or adsorption capacity (mg/g), qt is the amoimt of Cu(II) adsorbed per 
unit weight of adsorbent at any given time t, Ki is the rate constant for pseudo-first 
order model. The values of Ki and qe (calculated) were calculated fi-om slope and 
intercept of the linear plot of log (qe-qt) verses t at various concentrations. The values 
of regression coefficient (R ) and rate constants at various concentrations are reported 
in Table 5.5. 
The pseudo- second order kinetic rate equation is given as [Ho et al, 2000]. 
t 1 1 
— = - - + — xt (14) 
Where, h is the initial rate of adsorption (h = K2qe^ ) and K2 is the rate constant of 
pseudo-second order adsorption (g/mg/min). The values of K2 and qe (calculated) 
were calculated fi-om the slope and intercept of the linear plots of t/qt verses t at 
various initial Cu(II) concentrations. Table 5.5 provides data of pseudo- first order 
rate constants Ki, pseudo-second order rate constants K2, h, calculated equilibrium 
sorption capacity qe (cal) and experimental equilibrium sorption capacity qe (exp) at 
different initial Cu(II) concentrations. The qe (cal) values from pseudo-first order 
kinetic model differed appreciably fi-om the experimental value showing that system 
did not follow pseudo-first order model. In pseudo-second order kinetic model the qe 
(cal) are however very close to qe (exp) values at various initial Cu(II) concentrations 
as compared to pseudo-first order model. The values of correlation coefficient (R )^ of 
pseudo-first order also confirmed it which was lower in comparison of pseudo-
second order model indicating that pseudo-secojDd order modeJ is better obeyed. 
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5.3.9. Desorption study 
The adsorption and desorption studies were performed with different adsorbent doses 
at room temperature and the results are depicted in Figure 5.9. The percent adsorption 
increases with increasing adsorbent dose. The desorption of Cu(II) also increases with 
adsorbent dose and shows 100 % desorption at 1.0 g adsorbent dose when O.l N HCl 
was used as desorbing solution. It can therefore be concluded that 1.0 g adsorbent is 
sufficient to achieve maximum efficiency of the adsorbent. 
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Figure 5.9 Adsorption/Desoiption of Cu(ll) by 
batch process 
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5.4. CONCLUSIONS 
Pottery glaze slurry, the important material of pottery industry shows potential for the 
removal of Cu(II) from aqueous solution. Adsorption is fast and equilibrium is 
reached within 60 min. over a wide range of Cu(II) concentration. The maximum 
amount of Cu(II) can be removed from aqueous solution in the pH ranges 4-6. High 
concentration of electrolyte in the solution has negligible effect on the adsorption of 
Cu(II) therefore it can be concluded that maximum amount of Cu(II) can be removed 
from aqueous solution even in presence of large quantity of other salts. Langmuir and 
Temkin and are best obeyed at SO^ C while Freundlich isotherm is obeyed at all the 
studied temperatures as indicated by their correlation coefficient (R^), x^ , RSE values. 
Thermodynamic parameters indicate endothermic adsorption of Cu(II). Kinetic data 
show the applicability of pseudo-second order model which also confirms that 
chemisorption process is involved. Desorption studies show 100 % recovery of Cu(II) 
ions when 0.1 N HCl was used as desorbing solution. 
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Chapter - 6 
Adsorption Studies of Cd(II) on 
Ball Clay: Comparison with Other 
Natural Clays 
6.1. INTRODUCTION 
Some heavy metals are essential to life and play irreplaceable roles in human 
metabolic system, for example, the functioning of critical enzyme sites. Other metals 
are xenobiotics, i.e. they have no useful role in human physiology (and most other 
living organisms) and may be toxic even at trace levels of exposure. Heavy metals 
enter into the environment through human activities and some natural phenomenon 
[AboUino et al., 2003]. Among these contaminants, cadmium is an important metal 
which is used in batteries predominantly in rechargeable nickel-cadmium batteries, 
and it also finds use in the preparation of alloys, due to its low coefficient of fHction 
and a very good fatigue resistance [ScouUos et al., 2001]. Cadmium containing ores 
are rare to found, however, traces do naturally occur in phosphate form and it 
transmitted to food through the use of fertilizers, which contains cadmium in the form 
of cadmium phosphate [Jiao et al., 2004]. It was until after World War (I) that 
cadmium came into wide use, rich deposits of cadmium can be found in the Vilyui 
River basin in Siberia [Fleischer et al., 1980]. Cadmium is a very toxic metal, and 
cadmium containing compounds are known as carcinogens which can induce many 
type of cancer [11th Report on Carcinogens]. Acute high dose exposures can cause 
severe respiratory irritation. Occupational levels of cadmium exposure are a risk 
factor for chronic lung disease and testicular degeneration [Benoff et al., 2000]. 
Cadmium also damages a specific structure of the functional unit of the kidney 
[Satarug et al., 2000]. Adsorption on activated carbon is the well known process 
during the last few decades for the removal of heavy metals but it is costly and 
difficult to regenerate. Therefore there is a need to develop new and low cost 
materials which can adsorb heavy metals. Clay, a natural earthy material composed of 
very small particles of weathered rock is a matter of attention to adsorb traces of 
heavy metals ions. Clay is composed primarily of fine grained minerals which show 
plasticity through a variable range of water content and which can be hardened when 
dried. Organic materials which do not imply plasticity may also be part of clay 
deposits [Guggenheim et al., 1995]. Clay is being use in pottery, ceramics making and 
in children toys. Recent studies have investigated clay's adsorption capacities in 
various applications such as the removal of heavy metals from wastewater and air 
purification. Knowledge of the nature of clay was well understood in the 1930s with 
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advancements in x-ray diffraction technology which is necessary to analyze and 
examine the molecular nature of the particles of clay [Bailey, 1980]. Clay can be 
classified according to their general composition and properties. Kaolin is fine white 
clay; Ball clay contains kaolinite and has strong bonding properties. 
Ball clay is a variety of kaolinite and has high plasticity and less refractoriness and 
thus also known as plastic clay. The wide use of ball clay is mainly due to its 
contribution of workability and the strength it provides to the bodies in drying. Ball 
clay is sedimentary in origin and is used in agriculture, horticulture and many amenity 
industries. It is also used as extenders in insecticides, polymers, adhesives etc. Ball 
clay is a vital and indispensable material in ceramics as many ceramic products 
contain ball clay. 
In the present study we have explored and compared its adsorption properties with 
other clay materials. 
6.2. MATERIALS AND METHODS 
6.2.1. Adsorbent solution 
Stock solution of cadmium (100 mg/L) was prepared by dissolving the desired 
quantity of Cd(N03)2.H20 (A.R. grade) in double distilled water (DDW). 
6.2.2. Adsorbent 
Ball clay was purchased from Asian chemicals (INDIA). The clay was washed several 
times with DDW to remove dust and other adhering particles. It was crushed and 
sieved to obtain 100-150^m particle size for adsorption studies. 
6.2.3. Effect of temperature 
Ball clay was heated in a furnace at 200, 400, 600, 800 and lOOO^ C for Ih in a silica 
crucible. After heating, the material was cooled at room temperature, crushed again 
and used as such for adsorption studies. 
6.2.4. Adsorption studies 
Adsorption of Cd(II) on ball clay was carried out by batch process. 0.5 g of adsorbent 
was treated with 50 mL solution of desired concentration in a 250 mL conical flask 
for specified time period at room temperature (30±1°C). Residual metal concentration 
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in the supernatant liquid was then determined by Atomic Absorption 
Spectrophotometric analysis (model GBC 902, Australia). The effect of time on the 
adsorption of Cd(II) was determined by analyzing the residual metal ions in the liquid 
after contact periods of 2,3,5,10,15,20,30,60,120 and 180 minutes. Effect of adsorbent 
dose was studied by varying adsorbent amount from 0.1 to 1.0 g at fixed 
concentration (50 mg/L) of Cd(II) and fixed volume (50 mL) at different 
temperatures. 
6.2.5. Effect of pH 
The effect of pH on the adsorption of Cd(II) was studied as follows: 
50 mL of Cd(II) solution was taken in a beaker and the pH of solution was adjusted 
by adding dilute solution of HCl or NaOH. The solution was taken in conical flak, 
treated with 0.5 g of the adsorbent and after the attainment of equilibrium the final 
concentration of Cd(II) was determined. The % adsorption was then calculated by 
subtracting final concentration from initial concentration. In order to investigate the 
effect of electrolyte, 50 mL Cd(II) solution containing desired concentration of 
electrolyte (NaNOs) was taken in a conical flask and its pH was adjusted as described 
above. The solution was then treated with 0.5 g adsorbent and % adsorption of Cd(II) 
was then determined as described above. The final or equilibrium pH was also 
recorded. 
6.2.6. Point of zero charge 
The point of zero charge (pHpzc) was determined by solid addition method [Latye et 
al., 2006] as described in earlier chapters 
6.2.7. Desorption Studies 
Batch process was used for desorption studies. 0.5 g adsorbent was taken in a conical 
flask and treated with 50 mL of Cd(II) solution of desired concentration. After 24 h 
the solution was filtered and filtrate was analyzed for residual Cd(II) concentration. 
The adsorbent was washed several times with double distilled water (DDW) to ensure 
complete removal of Cd(II) ions and it was then treated with 50 mL of desorbing 
solution. The amount of Cd(II) desorbed or recovered in the supernatant liquid was 
then determined by AAS. All the experiments were carried out in triplicate and mean 
value was reported. The standard deviation was within ± 3 %. 
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6.3. RESULTS AND DISCUSSION 
6.3.1. Adsorption of heavy metals on different clay materials 
Clay minerals show high affinity towards heavy metals. The affinity order of some 
heavy metals on various clay minerals along with ball clay is shown below: 
Ca- Montmorillonite [Hongping et al., 2000]: Cr^ ^>Cu^ ^>Zn^ ^>Cd^ ^>Pb^ ^ 
lUite [Hongping et al., 2000]: Cr^ >^ Pb^^ >Cu^VZn^*>Cd^^  
Kaolinte [Hongping et al., 2000]: Cr^ >^ Pb^V Zn^ ^>Cu^ ^> Cd^ ^ 
Kaolin [Chantawong et al., 2003]: Cr^ >^ Zn^^ >Cu^^ =Cd^^ =Ni2VPb^^  
Ball clay [this study]: Cd^VCu^^> Ni^V Zn^V Pb^V Cr^ ^ 
The above results showed the excellent ability of ball clay to remove Cd ion in 
comparison to other natural clays. 
6.3.2. SEM and EDX studies 
The energy dispersive x-ray (EDX) of native ball clay (Figure 6.1a) shows the 
presence of high percentage of silica and alumina while EDX of Cd(II) treated ball 
clay (Figure 6.1b) shows the presence of 1.27% Cd(II). The scanning electron 
microscopy (SEM) of native ball clay (Figure 6.2a) when treated with Cd(II) (Figure 
6.2b) shows distinct morphology indicating that Cd(II) is adsorbed on the surface of 
the ball clay. 
6.3.3. Chemical composition of ball clay 
Ball clay was tested by national test house (Govt, of India), Ghaziabad (U.P). The 
chemical composition (Table 6.1) indicated that it was mainly composed of silica 
SiOa (53.70%), alumina AI2O3 (31.31%) and moisture (10.03%) or loss on ignition. 
The Si atoms at surface maintain their tetrahedral coordination with oxygen [Dogan et 
al., 2000]. The different types of Silanol groups are shown as [Dogan et al, 2000]. 
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Figure 6.2(a) SEM of native ball clay 
Figure 6.2(b) SEM of Cd(ll) treated ball clay 
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2 ^ S i - 0 H ^ \ '' Si:—OH 
The surface groups in alumina are given as [Dogan et al., 2000, Hohl et al., 1976] 
2 — ^ A l — 
3 ' ^ 
—OH 
OR 
1. 
2 
OH 
These groups give the adsorption properties to ball clay. The elemental composition 
of various natural clays (Table 6.1) shows that all these minerals contain high 
percentage of silica and alumina that are responsible for the adsorption of metal ions. 
6.3.4. Effect of heating on weight loss and percent adsorption 
The effect of heating temperature is shown in Figure 6.3. It is clear from the figure 
that weight loss up to 200°C was 6 % and continued (7%) up to 600°C. this could be 
due to the loss of moisture content and this process continued up to 600*^ 0. The 
weight loss was maximum (13.8%) at 800°C which might be due to release of 
interlayer structural water from ball clay. The % adsorption decreased very little (80 
to 76%) in the temperature range 200 to 600°C but decreased sharply to 54% at 800°C 
indicating that adsorption of Cd(II) on ball clay occurred on SiOH or Al-OH sites. 
These sites were lost at or above 800°C hence there was a sharp decrease in metal 
binding capacity of the ball clay. When temperature was increased further (lOOO^ C) 
the weight loss became almost constant due to the formation of anhydrous oxides of 
alumina and silica and hence % adsorption of Cd(II) increased very little (54 to 62%). 
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6.3.5. Effect of pH and electrolyte concentration 
Solution pH is the most important variable governing the adsorption of metal ions. In 
order to investigate the effect of initial pH on the adsorption of Cd(II), equilibrium pH 
and effect of initial pH on % adsorption in presence of electrolyte, batch experiments 
were conducted at different initial pH values in the range 2-9. Figure 6.4 showed that 
equilibrium pH was not much affected in strongly acidic solution (pH=2) and 
adsorption of Cd(II) was minimum (60 %) but when initial pH was adjusted to 4 the 
equilibrium pH or final pH increased to 4.6 indicating that Cd(II) ions were adsorbed 
(84.4 %) along with some H"^  ions resulting an increase in final pH. Similarly at initial 
pH 6 the final pH increased to 6.7 indicating that adsorption of H^ ions and Cd(II) 
ions continued. However, when initial pH was adjusted to 8, final pH decreased to 6.9 
due to the formation of Cd(OH)'*^  which was the dominating species of Cd(II) in the 
pH range 8-10 [Naiya et al., 2009]. It can be concluded that maximum amount of 
Cd(II) was adsorbed in the form of Cd^ "^  ions up to pH 8 but above this pH adsorption 
of Cd(II) occurred in the form of Cd(OH)"^  or micro-precipitation on the surface of the 
adsorbent. Figure 6.5 showed that there was no common point of intersection of all 
the curves of different concentrations of electrolyte (NaNOa) at ApH = 0 hence second 
charge reversal can not be considered as pHpzc. However, ApH value below pH 3 was 
not affected by the change in electrolyte concentration therefore first charge reversal 
that occurred at pH 2 (ApH = 0) may be considered as pHpzc [Tripathy et al., 2005]. 
The surface of the adsorbent is positive at pH < pHpzc, neutral at pH = pHpzc and 
negative at pH > pHpzc therefore adsorption of Cd(II) was least at pH 2 and increased 
with increase in pH due to electrostatic attraction between positively charged Cd(II) 
ions and negatively charged surface of the adsorbent. The adsorption of Cd(II) was 
strongly influenced in the presence of high concentration of electrolyte (Figure 6.5). 
The % adsorption of Cd(II) increased with increase in pH in presence of 0.1 M NaNOs 
but remained lower than that observed in DDW and 0.0IM NaNOs. 
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6.3.6. Effect of adsorbent doses 
The effect of adsorbent dose was studied by varying the adsorbent quantity from 0.1 
to 1.0 g 50 mL"' maintaining the initial Cd(II) concentration at 50 mg/L at different 
temperatures (30, 40 and 50°C). The results are shown in Figure 6.6. The % 
adsorption increased from 72 to 90 with increasing adsorbent dose because of the 
increased availability of adsorption sites therefore in order to achieve maximum 
removal efficiency, 1 g dose of adsorbent was sufficient for fixed initial concentration 
of Cd(II) (50mg/L) and fixed volume of solution (50 mL). The adsorption density 
(mg/g) decreases from 18 to 2.25 mg/g with increase in adsorbent dosage, this might 
be due to the fact that some adsorbent sites remained imsaturated at higher adsorbent 
dose resulting in decreased adsorption density at constant initial metal ion 
concentration as a fixed mass of adsorbent can only adsorb a certain amount of Cd(II). 
When same experiment was repeated at higher temperatures, it was found that % 
adsorption increased with increase in temperature (% adsorption at 30, 40 and 50° C 
was 90, 95.5 and 96% respectively) indicating that adsorption process was 
endothermic in nature. 
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Figure 6.6. Effect of adsorbent doses at different 
temperatures 
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6.3.7. Adsorption isotherms 
The Langmuir and Freundlich adsorption isotherms were used to describe the Cd(II) 
adsorption on ball clay. Langmuir isotherm is based on the assumption of 
homogeneous adsorbent surface where all the adsorption sites are identical. The 
Langmuir adsorption isotherm assumes monolayer adsorption onto a surface with a 
finite number of identical sites and is represented as 
1 1 1 1 
— = X H (1) 
Where qe is the adsorption capacity of the adsorbent (mg/g), qm is the maximum 
monolayer coverage capacity (mg/g), Ce, the concentration of Cd(II) at equilibrium 
(mg/L) and b is a constant (mg/L). Linear plot of 1/qe versus 1/Ce was used to 
determine qm and b. These data are reported in (Table 6.2). 
Table 6.2. Langmuir isotherm parameters for adsorption of Cd(II) on ball clay 
dose 
(g) 
0.1 
0.6 
0.8 
1.0 
qe(exp) 
(mg/g) 
18.00 
3.58 
2.75 
2.25 
qe(cal) 
(mg/g) 
5.68 
3.17 
2.76 
2.34 
qm 
(mg/g) 
27.17 
b RL R' 
(L/mg) 
0.018 0.526 0.9414 
x' 
26.77 
The essential characteristics and the feasibility of the Langmuir isotherm can be 
represented in terms of a dimensionless constant separation factor or equilibrium 
parameter /?L [Khan et al., 2010] which is defined as 
The RL value indicates the shape of the isotherm. If RL>1 then adsorption is 
unfavorable, RL=1 means linear; If RL is between 0 and 1, it is favorable while RL= 0 
shows irreversible adsorption [Foots et al., 1978]. The value of RL between 0 and 1 
(Table 6.2) indicated favorable adsorption. 
The chi-square test (x^ ) was also carried out to support the best fit model. The 
equation used to evaluate chi-square test may be written as 
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where qe (exp) is the value of adsorption capacity at equilibrium determined 
experimentally and qe (cal) is the value calculated from the model. 
Lower the value of x^  better is the fit of the model. Table 6.2 shows that the values of 
qe(exp) differed appreciably from the values of qe calculated qe(cal) from the 
Langmuir model at low adsorbent doses, but when adsorbent dose was increased the 
values of qe(exp) became closer to the qe(cal) values indicating that Langmuir model 
failed at lower adsorbent dose. This was also supported by high ^ test values. 
The Freundlich adsorption isotherm is an empirical equation used to describe 
heterogeneous system. The linear form of Freundlich isotherm is represented as 
log^, = l o g ^ ^ + - l o g Q (4) 
n 
Where Kf is Freundlich constant and n is another constant representing heterogeneity 
of the adsorbent, Ce is the equilibrium concentration (mg/L), qe is the amount of 
Cd(II) adsorbed per unit weight of adsorbent (mg/g). The linear plot of log qe versus 
log Ce was used to calculate the values of Kf and a The values of Kf, n, regression 
coefficient (R^), qe (exp), qe (cal) along with chi-square test are reported in Table 
6.3a. The values of qe (exp) and qe (cal) were quite close even at lower adsorbent 
doses indicating that Freundlich model was better obeyed by the system as indicated 
by small value of x and high value of regression coefficient (R =0.9861). The n value 
obtained for the adsorption process (n=0.47) also indicated beneficial adsorption. 
Table 6.3b shows Freundlich isotherm parameters of various clays. The values of 
coefficient of regression (R )^ indicated that most of them follow Freundlich isotherm 
and adsorption was favorable as the values of n were between 1 and 10. 
The maximum monolayer adsorption capacity of ball clay was found to be 27.27 
mg/g. The adsorption capacity was compared with other natural clays studied earlier 
and it was found that adsorption capacity of ball clay was comparable with these 
adsorbing materials (Figure 6.7). 
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Table 6.3(a) Freundlich isotherm parameters for adsorption of Cd(II) on ball clay 
dose 
(8) 
0.1 
0.6 
0.8 
1.0 
qefexp) 
(mg/g) 
18.00 
3.58 
2.75 
2.25 
qe(cal) 
(mg/g) 
17.4 
4.04 
2.91 
1.98 
Kf 
0.066 
n 
0.47 
R^ 
0.9861 
l' 
0.1175 
Table 6.3(b) Freundlich isotherm parameters of various clays 
Clay 
Bentonite 
CTAB Bentonite 
Beidellite 
Kaolinite 
Ball clay 
Kaolin 
Montmorillonite 
n 
0.43 
0.43 
0.36 
1.43 
0.45 
0.50 
0.85 
Hydroxy-AI interlayered 0.52 
Montmorillonite 
Ball clay at 200°C 0.47 
K 
0.13 
0.09 
6.50 
0.15 
0.34 
0.06 
424.4 
56.99 
0.06 
R^ 
0.97 
0.99 
0.73 
0.98 
0.99 
0.95 
-
-
0.98 
References 
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Sim et al. (2009) 
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Jobstmannetal. (2001) 
Present study 
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6.3.8. Adsorption kinetics 
The rate constants were calculated by using pseudo first-order and pseudo-second 
order kinetic models [Banat et al., 2003]. The first order expression is given as 
f f[ \ 
M^e -^.) = - I ^ J >< ^  + log^. (5) 
Where qe is the amount of metal ions adsorbed per unit weight of adsorbent at 
equilibrium or adsorption capacity (mg/g), qt is the amount of Cd(II) adsorbed per 
unit weight of adsorbent at any given time t and Ki is the pseudo - first order rate 
constant for adsorption. The values of Ki were calculated fi-om slope of the linear 
plots of log (qe-qt) versus t at various concentrations (Figure 6.8). The values of 
regression coefficient (R )^ and rate constant at various concentrations are reported in 
Table 6.4. The pseudo second-order kinetic rate equation is given as 
t 1 1 
— = T + — x ^ (6) 
^, h qe 
Where h is the initial adsorption rate which is equal to K2 xqe and K2 is the pseudo-
second order rate constant for the adsorption of Cd(II) (g/mg/min). The values of h 
were calculated from the intercept of the linear plots of t/qt verses t at various initial 
Cd(II) concentrations (figure not shown). Table 6.5 provides pseudo-second-order 
rate constants K2, h, calculated equilibrium sorption capacity qe (cal) and 
experimental equilibrium sorption capacity qe (exp) at various initial Cd(II) 
concentrations. The qe values calculated fi^om pseudo-first order kinetic model were 
very close to qe (exp) values in the concentration range 0.1 to 5 mg/L. However, in 
pseudo-second-order kinetic model the qe (exp) values were very close to qe (cal) at 
all the studied concentrations. The values of correlation coefficients obtained from 
both the models were high (R^ > 0.99) showing that both the models were obeyed by 
the system at lower initial Cd(II) concentrations but when concentration of Cd(II) was 
increased, pseudo-first-order model failed while pseudo-second-order model was still 
obeyed (up to 50 mg/L) Cd(II). Pseudo-first-order model suggests that the process 
which controlled the rate may be boimdary layer and if pseudo-second-order model is 
obeyed, it indicates that process controlling the rate may be chemical adsorption. The 
fitness of pseudo-first-order model at lower concentration of Cd(II) suggested that 
adsorption rate was boundary controlled but when concentration of Cd(II) was 
increased, the rate of adsorption was controlled by chemical adsorption. 
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Table 6.4. Pseudo-first-order kinetics parameters for the adsorption of Cd(II) on ball 
clay 
concentration 
(mg/L) 
0.1 
5.0 
50.0 
qe(exp) 
(mg/g) 
0.006 
0.047 
4.000 
qe(cal) 
(mg/g) 
0.006 
0.050 
2.760 
Ki 
(min"') 
0.166 
0.069 
0.650 
R^ 
0.9927 
0.9941 
0.9969 
Table 6.5. Pseudo-second-order kinetics parameters for the adsorption of Cd(II) on 
ball clay 
concentration 
(mg/L) 
0.1 
5.0 
50.0 
K2 
(g/mg/min) 
50.00 
5.52 
1.88 
qe(exp) 
(mg/g) 
0.006 
0.470 
4.000 
qe(cal) 
(mg/g) 
0.006 
0.470 
4.004 
h 
(mg/g) 
0.0018 
1.2200 
30.2100 
R^  
0.997 
1.000 
1.000 
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6.3.9. Adsorption and desorption of Cd(II) from aqueous solution 
Desorption of Cd(II) was performed using various desorbing solutions and results are 
reported in Figure 6.9 a, b and c. The desorption of Cd(II) was negligible with NaCl, 
Na2S04, acetic acid and EDTA. However, excellent results were obtained when 
desorption was carried out with HCl solution. The desorption of Cd(II) was 100 % 
with 0.5 M, IM and 2M HCl. This behaviour of ball clay indicated that adsorption of 
Cd(II) was chemical in nature and most probably occurred via ionexcange process. 
Adsorption was reversible and adsorbed Cd(II) could be completely recovered with 
0.5 M HCl solution. 
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Figure 6.9c. Adsorption and desorption of Cd(ll). 
Initial Cd(IO concentration = 50 mg/L 
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6.4. CONCLUSIONS 
Ball clay can be used as an effective adsorbent for the removal and recovery of Cd(II) 
from aqueous solution. The adsorption properties of ball clay were comparable to 
other previously studied natural clays. Adsorption of Cd(II) was pH dependent and 
the maximum adsorption occurred at pH 6. Adsorption followed pseudo-first order 
and second order kinetics at lower initial concentrations of Cd(II). The % adsorption 
of Cd(II) increased with increase in adsorbent dose. 100 % adsorption was possible by 
batch process when adsorbent was treated with 50 mL of Cd(II) solution containing 
50 mg/L Cd(II) and 100% desorption could be achieved using 0.5M HCl as desorbing 
agent. 
202 
REFERENCES 
AboUino, O., Aceto, M., Malandrino, M., Sarzanini, C. and Mentasti, E. (2003) Water 
Res. 37,1619-1627. 
Bailey, S. W. (19^0) Amer. Miner. 65, 1-7. 
Banat, F., Al-Asheh, S. and Makhadmeh, L. (2003) f^l?. Sci. Tech. 21, 245-260. 
Bedoui, K., Bekri-Abbes, I. and Srasra, E. (2008) Desal. 223, 269-273. 
Benoff, S., Jacob, A and Hurley, I.R. (2000) Hum. Repro. Upd. 6, 107-21. 
Bosco, S.M.D., Jimenez, R.S., Vignado, C , Fontana, J., Geraldo, B., Figueiredo, 
F.C.A., Mandelli, D. and Carvalho, W.A. {2006) Adsorp. 12,133-146. 
Chantawong, V., Harvey, N.W. and Bashkin, V.N. (2003) Water, Air and Soil poll. 
148,111-125. 
Dogan, M., Alkan, M. and Ohganer, Y. (2000) Water, Air and Soil poll. 120,229. 
Etci, O., Bektas, N .and Oncel, M. S. (2010) Em. Earth Sci. 61,231-240. 
Fleischer and Michael (19S0) Amer. Miner. 65,1065-1070. 
Ghorbel-Abid, I., Galai, K. and Trabelsi-Ayadi, M. (2010) Desal. 256, 190-195. 
Guggenheim, Stephen and Martin, R.T. (1995) Clays and clay miner. 43,225-256. 
Hohl, H. and Stumm, W. (1976) J. Coll. Inter. Sci. 55,281. 
Hongping, H., Jiugao, G., Xiande X. and Jinlian, P. (2000) Chin. J. Geochem. 19, 
105-109. 
Jiang, M.Q., Jin, X.Y., Lu, X.Q. and Chen, Z.L (2010) Desal. 252,33-39. 
Jiao, You, Grant, Cynthia, A., Bailey and Loraine, D. (2004) J. Agr. Food Chem. 84, 
777- 785. 
Jobstmann, H. and Singh, B. (2001) Water, Air and Soil poll. 131, 203-215. 
Khan, M.A., Kim, S.W., Rao, R.A.K., Abou-Shanab, R.A.I., Bhatnagar, A., Song, H. 
and Jeon, B.H. (2010) J. Hazard Mater. 178, 963-972. 
Lataye, D. H., Mishra, I. M. and Mall, I. D. (2006) Ind Eng. Chem. Res. 45, 3934 -
3943. 
Naiya, T.K., Bhattacharya, A.K. and Das, S.K. (2009) J. Coll. Interface Sci. 333, 14-
26. 
Panuccio, M.R., Sorgona, A., Rizzo, M. and Cacco, G. (2009) J. Environ. Manag. 90, 
364-374. 
Foots, V.J.P., Mc-Kay, G. and Healy, J.J. (1978) J. Water Poll. Control Fed. 50, 926-
935. 
203 
Satarug, S., Haswell-Elkins, M.R. and Moore, M.R. (2000) Brit. J. Nut. S4, 791-802. 
Scoullos, Michael, J., Vonkeman, Gerrit, H., Thornton, Iain, Makuch and Zen (2001) 
Handbook for Sust. Heavy Metals Pol. Reg. 
Sharma, Y.C. (2008) Chem. Eng. J. 145, 64-68. 
Sim, J.H., Seo, H.J. and Kim, C.G. (2009) Environ. Earth Sci. 59, 537-545. 
Tripathy, S.S. and Kanugo, S.B. (2005) y. Coll. Inter Sci. 284, 30-38. 
11"' report on carcinogens, National Toxicology Prog. 
204 
List of publications 
Paper Publ ished 
• Glaze-An Excellent Adsorbent for the Removal of Cu(II) From Aqueous 
Solution 
Chinese Journal of Geochemistry , Vol. 3 1 , No. 2, (2012) . 
In press 
• Adsorption Properties of Coriander Seed Powder (Coriandrum sativum): 
Extraction and Preconcentration of Pb(II), Cu(ll) and Zn(Il) From Aqueous 
Solution 
Adsorpt ion Science and Technology. 
Papers Communicated 
• Removal of Cr(Vl) From Electroplating Wastewater Using Fruit Peel of 
Leechi (Litchi chinensis) 
Desal inat ion and Water treatment . 
• Adsorption Studies of Cd(II) on Ball Clay: Comparison with Other Natural 
Clays 
Arabian Journal of Chemistry. 
• Adsorptive Removal of Cd(II) From Aqueous Solution Using Seeds of Bottle 
Brush Plant {Callistemon chisholmii) 
The Malays ian Journal of Analyt ical Sc iences . 
